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ABSTRACT 
von Willebrand Factor (VWF) is a large multimeric protein which is very important 
for the hemostasis of bleeding blood vessels. Critical steps in the process are the 
accumulation and aggregation of platelets at the damaged vessel wall, forming hemostatic 
plugs. Near injury sites, hydrodynamic force in the bloodstream elongates VWF with a 
sharp increase, exposing binding sites for platelets and collagen. Flow-induced 
conformational change of VWF regulates its binding to clotting agents in the blood.  
A coarse grain molecular model is proposed for the VWF multimer that 
incorporates observed mechanical properties of VWF monomers. In this model, each 
monomer is represented by a finitely extensible nonlinear elastic (FENE) spring connecting 
two beads. A2 domains are represented by the FENE spring because the A2 domain, similar 
to FENE springs, permits extensive elongation with an applied force. The beads at each 
end of the spring represent relatively rigid domains adjacent to A2 in VWF monomers. 
Adjacent monomers are connected by a stiff harmonic spring to form VWF multimers in 
the model.  VWF multimers represented by this model have been studied to understand the 
conformational change of a single VWF multimer in response to shear flow. Fluctuations 
in model A2 domains were shown to increase significantly at high flow, including periodic 
complete extension of the domain. 
After validating our model in normal flow scenario, we extend this study further to 
the binding between VWF and collagen.  To investigate VWF binding to collagen that is 
exposed on injured arterial surfaces, Brownian dynamics simulations are performed with a 
coarse-grain molecular model.  Accounting for hydrodynamic interactions in the presence 
of a stationary surface, shear flow conditions are modeled.  Binding between beads in 
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coarse-grain VWF and collagen sites on the surface is described via reversible ligand-
receptor-type bond formation, governed via Bell model kinetics. For conditions where 
binding is energetically favored, the model predicts a high probability for binding at low 
shear conditions; this is counter to experimental observations but in line with what prior 
modeling studies have revealed.  To address such discrepancies, an additional binding 
criterion is implemented that depends on the conformation of a sub-monomer feature in the 
model, local to a given VWF binding site.  The modified model predicts shear-induced 
binding, in very good agreement with experimental observations; this is true even for 
conditions where binding is significantly favored energetically.  Biological implications of 
the model modification are discussed in terms of mechanisms of VWF activity. 
Experimental work that investigates the properties of individual VWF molecules 
guided the parameters in computational study. Within this dissertation, optical tweezers are 
employed to study the A2-domains of VWF. Such a direct experimental method performs 
very precise measurement on the most fundamental properties of VWF molecules (such as 
force/extension behavior).  This experimental method achieves great resolution and 
sensitivity in real time. Experimental results unveil the mechanism of VWF unfolding, 
contributing to the current coarse grain model development, and giving us the ability to 
model abnormal VWF molecules. 
To our knowledge, this coarse grain molecular model is the only model to render 
sub-monomer units of VWF and it is capable of capturing sub-monomer dynamical 
behavior. By introducing an additional degree of freedom, our model successfully 
characterizes many of the flow-induced mechanical mechanisms exhibited by VWF, such 
as shear-induced conformational changes and unfolding phenomena. Further, our model 
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captures shear-induced VWF-collagen binding behavior in situations where binding is 
highly favorable, which had previously not been obtained in the literature. 
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CHAPTER 1 Introduction 
1. Motivation - von Willebrand Factor (VWF) and von Willebrand 
Disease(VWD) 
In human body, bleeding is stopped by forming a clot at the site of vascular damage. 
Critical steps in the process are the accumulation and aggregation of platelets at the 
damaged vessel wall, forming so called platelet "plugs". (1)  Under rapid flow condition 
such as in arteries and arterioles, however, platelets cannot adhere themselves to vessel 
walls due to the strong hydrodynamic force imposed by the flowing fluid. In such scenarios 
the plasma protein, von Willebrand Factor (VWF) plays an indispensable role in sticking 
to both platelets and vessel wall, allowing the formation of platelet plugs. (2, 3) Ultra-long 
VWF multimer, which is released from Weibel-Palade bodies (WPB), is cleaved by 
ADAMTS13 (a disintegrin and metalloprotease with a thrombospondin type 1 motif, 
member 13) into smaller fragments with a wide range of size distributions. (4–7) After 
cleavage, physiological functional VWF contain from 40 to 200 monomers such that 
molecules can be extended to tens of microns in flow. (8) Along its length, VWF carries 
binding sites for both platelets and collagen, but only few are exposed to the blood flow 
when VWF is in a globular state.  Once VWF transforms from a globular state to an 
elongated state, more binding sites are exposed and thus the unfolding of VWF enables 
itself to achieve better hemostatic performance. (9)  However, the protease vWF size is 
important in hemostasis. (10) Functional imbalance in multimer size can cause 
microvascular thrombosis or bleeding.  Put simply, if too small, VWF cannot properly 
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initiate clotting; if too large, VWF may initiate clotting in undesired (i.e. otherwise healthy) 
scenarios. 
In the past few decades, there has been a steadily growing interest in the study on 
von Willebrand Factor (VWF) because of its importance in coagulation. One in 100 
individuals in United States has functional defects or no/low expression of VWF. The 
obvious symptoms are usually in the form of easy bruising, nosebleeds, bleeding gums, 
heavy menstrual periods, and blood loss during childbirth. Based on the clinical 
observation and pathology studies, usually hereditary von Willebrand Disease (VWD) are 
categorized into one of three types: VWD Type 1, VWD Type 2, and VWD Type 3. Within 
each of these three main types of VWD, there are various subtypes. (2, 11, 12) With the 
development in diagnostic techniques, more new subtypes have been reported. However, 
the therapeutic solution to cure VWD has not been fully established. Currently, the main 
treatment for severe VWD patients is still using the plasma infusion method. Blood 
products can never be risk-free. Major risk of transfusion-transmitted method includes 
hemolytic reactions and bacterial infection. Transfused plasma can also affect patients’ 
immune system.  
 In December 2015, the U.S Food and Drug Administraion (FDA) approved the first 
recombinant VWF treatment, VONVENDI. VONVENDI replaces the deficient VWF in 
the body of  VWD patients, and mainteins a functional level of concentration for 72 hours. 
This new treatment is approved for on-demand treatments and controls bleeding episodes 
in adults diagnosed with VWD. VONVENDI doesn’t contain any raw human or animal 
material, which eliminates the risk of  blood-borne infection. In clinic studies, VONVENDI 
shows treatment success: most of mild bleeding episodes and two-thirds of moderate 
 7 
bleeding episodes were controlled with a single dose. Severe bleedings was controlled with 
2 to 4 infusions. (13) The success of recombinant VWF treatment is a milestone in VWD 
research and treatment. However, the mechanisms of VWF function are still not fully 
understood. 
Research shows that VWF multimers act as a flow sensor, responding to strong 
hydrodynamic forces by changing conformation. (14) In 1990s, Perkins and co-workers 
detected conformational change of single DNA molecules under a flow. (15) The 
fluctuating chain was imaged have a cone-like envelope and shows a sharp increase in 
intensity at the free end. Similar phenomena, as shown in Fig. 1(b), has been observed with 
VWF, which changes conformation under a certain shear rate and becomes unfolded.  
 
Figure 1 (a) Schematic illustration of VWF’s domain arrangement. (b) Possible mechanism of flow-
induced conformational change. VWF is a long multimer containing up to 200 monomers. In the 
image above, each monomer is modeled as sphere. 
 
 Because of its unique behavior under flow, VWF has potential application as a 
vehicle for targeted drug delivery. Drug-loaded VWF maintains a globule state until it is 
exposed to abnormal blood flow conditions, such as in a bleeding site, and unfolding of 
VWF leads to drug release. Such targeted therapy may improve drug potency at the site in 
need and decrease toxicity in circulation.  The exact mechanism how VWF senses flow by 
presumably switching between the two conformations is still elusive. Molecular dynamics 
simulation can help study the mechanism of flow induced conformational change in 
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biopolymers and attain a clearer picture of how VWF molecules achieve flow sensing at a 
single molecule level. 
 
2. Structure and Functionality of Von Willebrand Factor 
Pro-VWF (VWF precursor) has a molecular weight of about 350 kDa. Each 
monomer has five types of structural domains that are arranged in the sequence D1-D2-D'-
D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK. When a blood vessel is injured, the D1 and D2 
domains are cleaved by furin, the prodomain remains strongly associated and the VWF 
monomer now is in its mature form (Fig.1 (A)). (16) VWF monomers dimerize through the 
CT domain. The dimers are connected through disulfide bonds in the D’-D3 domain to 
form a mutimeric structure. Because of lacking a long-range disulfide bond, the A2 domain 
can be completely unfolded by elongational force such as viscous force due to shear flow 
and/or elongational flow. A1 domain has strong interactions with platelet glycoprotein Ib 
(GPIB). Similar to A2 domain unfolding, studies on interactions between A1 domain and 
GPIb suggest a force-induced conformational change. (16–19) Interestingly, unfolding of 
the A2 domain as it becomes susceptible to scission by ADAMTS13 and activation of the 
A1 domain for binding to platelet glycoprotein Ib (GPIB) are both induced by high flows, 
but binding to GPIb occurs more rapidly. (16) Collagen binds to the A3 domain that bears 
the 𝛽3-strand. VWF binding on collagen is mainly triggered by its conformational change. 
(20) Once the shear rate of the flow is larger than certain threshold, VWF multimer 
undergoes tremendous conformational change and exposes A3 domains for binding to 
collagen and A1 domains for binding to platelets via GPIb. 
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3. Molecular Dynamics Model for Von Willebrand Factor  
In what follows, all discussion on molecular scale simulation focuses on classical 
techniques, which do not explicitly resolve electronic degrees of freedom; there is no 
discussion on quantum techniques, which do resolve electronic degrees of freedom to 
varying degree, depending on the specific technique.  The focus on classical techniques is 
because the time and length scales of molecular phenomena being explored here are 
inaccessible to quantum mechanical based techniques.  Molecular dynamics (MD) 
simulation is one of the main molecular simulation techniques. It has been widely used for 
understanding the chemical and physical properties of different materials. (21) In MD 
simulation, equations of motion are solved as a function of time, generating the 
microscopic states of the system. Thus, MD has the ability to capture the relaxation of a 
system to equilibrium by providing the time scale. (22) MD simulation in polymers 
requires connecting models at different length and time scales. Various levels of details 
can be observed with different sub-models while simulations still maintain the major 
interested feature of the polymer chain.  On the atomic level, an explicit atom model 
considers all atoms including hydrogen as separate interaction sites, providing most 
detailed information on both the polymer and solvent. A united atom model reduces 
degrees of the freedom in the explicit model by combining a group of atoms into one unit 
(i.e. a coarse-grain unit called a united atom); this is a good approximation with less 
computation time when specific chemistry information need not be represented (e.g. when 
the intermolecular motion is much more important than the intramolecular binding). (21) 
A coarse-grain approach reduces the complexity and computation time of the system even 
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further by truncating the polymer into small sub-groups which can be one atom, a few 
united atoms, monomers or even the whole chain. Again, the efficacy of such models is 
dependent upon the specific property of interest:  when bond formation energy is critical, 
all classical techniques may be insufficient and quantum techniques may be required; on 
the other hand, when macromolecular elongation and elongation-induced binding are of 
interest, any form of explicit atom technique is too computationally expensive and, 
arguably, unnecessary.  The latter example described is similar to interests here and is 
ideally suited for investigation via coarse-grain molecular methods.  Accordingly, in this 
dissertation research, a coarse-grain model is adopted for its computationally efficiency 
and it will be shown herein to provide highly satisfying agreement with available 
experimental data. 
A Gaussian chain model is the simplest coarse-grain model for polymer simulation, 
which allows an indefinite extension when increasing shear rate or other force. The freely-
jointed chain (FJC), introduced by Peterlin in 1966, is a modification of Gaussian model. 
(23) The real chain is replaced by a set of points connected by rigid rods of fixed length. 
Kratky and Porod modified the Gaussian model for the worm-like chain (WLC). (24) In 
this model, beads are connected by flexible, inextensible rods, which have fixed length; it 
is usually used to describe helical structures. The bead-spring chain model replaces rods in 
FJC and WLC by completely flexible springs, and it is also called a "Rouse model". (25) 
This model is the simplest idealization of a polymer molecule that captures the essential 
physics required to simulate polymer dynamics. It considers a linear relationship between 
the polymer chain extension and force, such as the Hookean Spring. Hydrodynamics 
interaction (HI) has been found important when two or more particles move in a viscous 
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fluid because it governs the dynamics of colloidal suspensions. (26) In basic terms, HI refer 
to the fact that an entity in a fluid disturbs the fluid with its motion, thereby affecting how 
the fluid influences another entity some distance away from the first.  The Rouse model is 
not suitable for dilute polymer solutions as HI is neglected. Zimm performed the first 
calculation of the linear viscoelastic spectrum of the bead-spring chain with HI. (27) 
Alexander-Katz et al (28, 29) and Rudisill et al (30) further examined the behavior of a 
single polymer by bead-spring model with HI, and confirmed that HI is very important to 
accurately model the dynamics of polymer. Sing and co-workers utilized a similar model 
but included vWF-collagen adhesion by Bell model interactions. (31) They showed that 
vWF molecule interacts with the surface and the pathways for unbinding from the surface 
is suppressed due to lift force and/or rolling pathways, which matched the observation from 
experiments by Schneider et al(32).  Such lift forces are only properly predicted if HI is 
included in the simulation (including necessary algorithm modifications for simulations of 
molecules flowing near a stationary surface).  
In the classical coarse-grain model, one VWF monomer is treated as one bead by 
neglecting all intramonomer interaction. This simulation technique has been shown to be 
very efficient, especially for modeling long biopolymer chains under complex flow 
conditions. (33–36) However, experimental research has shown that different domains of 
VWF may be functionalized differently. Zhang et al. characterized the unfolding of A2 
domain by single molecule force spectroscopy. (37) Other research suggested that 
intramolecular interaction of VWF may change its functionality, depending on the 
conformation of sub-monomer units.  For example, it has been shown that VWF/platelet 
adhesion is inhibited due to A1 domain being shielded by D’D3 domains or A2 domains 
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until sufficient elongational force essentially pulls those other domains out of the way of 
the A1 domain/platelet interaction. (38–40) Thus, in this study, we established a new 
coarse-grain model that has the capability to simulate a greater degree of intramonomer 
interaction by treating one monomer with two beads connected by a finite extendable 
nonlinear elastic (FENE) spring; the spring is representative of the extensible A2 domain 
and each bead represents a collection of domains on either side of the A2 domain in a VWF 
monomer.  By introducing an additional degree of freedom, this coarse grain molecular 
model, which will be presented in a later section, successfully characterizes many of the 
mechanisms exhibited by VWF - such as shear-induced conformational changes, unfolding 
phenomena, and VWF-collagen binding behavior.  
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CHAPTER 2 Von Willebrand Factor Simulation Methodology        
1. Introduction         
As mentioned in Chapter 1, coarse-grain molecular modeling is one of the major 
simulation techniques that has been widely used to understand macromolecule behavior. 
Unlike atomic level models, a coarse-grain model collapses (or coarse-grains) multiple 
atoms into a single entity (typically a spherical particle but aspherical particle models have 
been advanced); these particles are often called beads whose dynamic behavior is described 
by Newton’s law.  While unable to address some questions rooted in atomic scale behavior, 
coarse-grain models are designed to capture the most relevant features of behavior at the 
atomic level that govern macromolecular interaction and dynamics. To achieve this, a 
balance needs to be struck between providing more accurate details and consuming less 
computational power. Generally, a good coarse-grain model requires good chosen 
procedure, including: (41) a) the model resolution (how many atomic particles per coarse-
grain bead), b) the mapping procedure (what each coarse grain bead represents), c) the 
potential energy function between beads (and sometimes between springs connecting 
beads), and d) coarse grain model parameters optimized with experimental studies and/or 
higher fidelity atomic level simulations.  Each component of this procedure is discussed in 
greater detail in the following section.   
 
2. Coarse-grain Model Chosen Procedure 
2.1. Model resolution 
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A typical classical coarse-grain model treats a biopolymer as beads connected by 
springs (i.e. a bead-spring model). The simplest realization of a bead-spring model is to 
consider a polymer as the combination of one harmonic spring connecting two beads, 
known as the Dumbbell Model. (42)  Dumbbell model replaces the whole polymer chain 
by a single spring, captures the important physics: chain flexibility and drag due to solvent. 
It is widely used, but the simple Dumbbell model is not sufficient to properly describe the 
conformational change of larger polymers, especially under imposed flow fields. (14, 25) 
Such detail requires higher model resolution, which leads to multiple beads connected with 
multiple springs. Typically, one bead representing one monomer is sufficient to study 
intermolecular interactions and resultant macromolecular dynamic behavior. However, as 
mentioned in Chapter 1, intramolecular interaction is also very important in the study of 
VWF. Thus, we increased the resolution in the model presented here: two beads connected 
by a FENE spring represent one monomer; further, parameters in the model here were – in 
all ways possible – guided by experimental data. 
 
 
 
2.2. Model mapping procedure 
VWF has extremely complicated structure largely due to its various domains 
performing distinct functions. Among all the domains, A2 domain is a force-sensitive 
domain that lacks disulfide bonds and thus can be unfolded by external stretching forces, 
such as the drag force due to shear or elongational flow. (16) The A3 domain is a bridge 
between VWF and exposed collagen of sub-endothelial matrix when the vessel is injured, 
which make A3 domain essential for collagen binding. (43) Although A1 domain also has 
been reported to bind to collagen fibers, A3-collagen binding is considered to be dominant. 
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(44) A1 domain mainly binds with platelet glycoprotein Ib (GPIb), which is the receptor 
on membrane of platelet. Notably, the binding between A1 domain and platelet is not 
included in this study.  Nonetheless, it is useful to point out that recent experimental data 
provide strong evidence that A1/platelet binding is inhibited by the adjacent A2 domain 
such that facile binding is only observed when the adjacent A2 domain is partially 
elongated.  
To map a VWF monomer onto elements of a coarse-grain model, a FENE spring is 
adopted to describe the extensible regions or A2 domain of the monomer. Two spherical 
beads at each end of the spring model collections of relatively more rigid domains on either 
side of the A2 domain (Fig. 2 (B)). As such, one of the two beads contains the A3 domain 
(shaded in Fig. 2(B)) and the other contains the A1 domain; again, this dissertation research 
did not explore A1/platelet binding and is instead focused on behavior of the A3 domain 
near exposed collagen.  Thus, only the bead containing the A3 domain on each monomer 
is capable of binding to model collagen sites. Multimers are modeled by connecting 
monomers with a harmonic spring, which is relatively stiff. Fig. 3 is a schematic illustration 
of a 25-mer VWF chain with examples of different conformations of VWF chain. White 
beads represent the left bead in Fig. 2 (B), while black beads represent the shaded bead 
with collagen binding site.  Note in the Fig. 3 images that, as is experimentally observed 
for VWF, adjacent monomers bind in a head-to-head, tail-to-tail sequence.  
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Figure 2 (A) Schematic illustration of vWF’s domains. (B) The VWF monomer model containing two 
rigid beads connected by a highly flexible FENE spring. 
 
 
 
Figure 3 Schematic illustration of vWF multimer. 
 
2.3. Physical forces and phenomena 
Over the range of length scales and time scales of coarse-grain VWF model, the 
following effects are of primary significance, approximately ordered based on their 
importance: (45) (a) Viscous drag; (b) Entropic elasticity; (c) Brownian forces; (d) 
Hydrodynamics interaction (HI); (e) Excluded-volume interactions; (f) Internal viscosity, 
and (g) Self-entanglement. Viscous drag is the frictional force due to solvent exerting on 
the polymer, which is always very important regardless what flow condition. Entropic 
elasticity becomes important when the flow is strong enough to change the conformation 
of the chains from their equilibrium states. Due to the collision on the polymer with solvent 
particles, Brownian motion also effects the conformation. HI is the phenomena that the 
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flow field perturbed by one particle that influences the drag on other particles, which is 
reported to be essential in this coarse grain model. (45, 46) Excluded-volume interactions 
present the repulsion between beads that prevent their overlap, which can be neglected in 
some solvent condition under their theta temperature, at which the repulsion is weak 
enough compared with the effect of the solvent. (47)  The last two interaction have not 
been proved to have any important influence, and thus will not be included in this study. 
The governing equations for a system with N beads in the inertia free limit are 
obtained by a force balance on each bead, 
𝑭𝑖
𝐷 + 𝑭𝑖
𝑆 + 𝑭𝑖
𝐼𝑛 + 𝑭𝑖
𝐵 + 𝑭𝑖
𝑊 + 𝑭𝑖
𝐶 = 0,    𝑖 = 1,2, … ,𝑁                          (1) 
where the subscript 𝑖 refers to the bead number and 𝑭𝑖
𝐷, 𝑭𝑖
𝑆, 𝑭𝑖
𝐼𝑛, 𝑭𝑖
𝐵, 𝑭𝑖
𝑊 and 𝑭𝑖
𝐶 are the 
hydrodynamic (viscous) drag force, the spring force (either FENE or harmonic), the 
interaction force between beads, the Brownian force, the wall force, and the A3 domain - 
collagen binding force, respectively. 
 
2.3.1. Viscous drag force 
The hydrodynamic drag force on bead 𝑖 is given by, 
                                             𝑭𝑖
𝐷 = −𝜁(?̇?𝑖 − 𝒗𝑖)                                                      (2) 
where 𝜁 is the drag coefficient, 𝐫𝑖 is the position vector, ?̇?𝑖 ≡
𝑑𝐫𝑖
𝑑𝑡
 is the velocity of the bead 
𝑖  , 𝒗𝑖  is the velocity field. In the absence of HI, 𝒗𝑖  is undisturbed and is simply the 
transpose of the velocity gradient tensor; i.e., 𝒗𝑖 = (∇𝒖)
𝑇𝐫𝑖, so that the drag force for free 
draining (FD) case has the form 
𝑭𝑖
𝐷 = −𝜁(?̇?𝑖 − (∇𝒖)
𝑇𝐫𝑖)                                                    (3) 
Substituting Eq. (3) into Eq. (1) and rearranging gives 
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?̇?𝑖 = (∇𝒖)
𝑇𝐫𝑖 + 
1
𝜁
(𝑭𝑖
𝑆 + 𝑭𝑖
𝐼𝑛 + 𝑭𝑖
𝐵)                                    (4) 
which is the generic form of a Langevin equation. To account for HI using the bead-spring 
model, disturbed flow field produced by forces that each bead exerts on the solvent must 
be considered to correct the velocity acting on all other beads. (45) The velocity,𝒗𝑖 in Eq. 
(1) should include an additional term, a disturbed velocity 𝒗𝑖
′, which produced by another 
bead 𝑗 and it is a linear function of the hydrodynamic drag force on bead 𝑗, so that 𝒗𝑖𝑗
′ =
−𝛀𝑖𝑗 ∙ 𝐅𝑗
𝐷. Based on Newton’s second low, the hydrodynamic drag force of bead 𝑗, 𝑭𝑗
𝐷, is 
equal and opposite to the nonhydrodynamic forces (i.e. spring forces, intramolecular 
forces, Brownian forces… etc.), thus 𝑭𝑗
𝐷 = −(𝑭𝑗
𝑆 + 𝑭𝑗
𝐼𝑛 + 𝑭𝑗
𝐵 + 𝑭𝑗
𝑊 + 𝑭𝑗
𝐶). Substituting 
gives 
𝒗𝑖𝑗
′ = −𝛀𝑖𝑗 ∙ 𝐅𝑗
𝐷 = 𝛀𝑖𝑗 ∙ (𝑭𝑗
𝑆 + 𝑭𝑗
𝐼𝑛 + 𝑭𝑗
𝐵 + 𝑭𝑗
𝑊 + 𝑭𝑗
𝐶)                     (5) 
where the HI tensor 𝛀𝑖𝑗  is a function of the separation distance between beads 𝑖 and 𝑗. 
Notably, 𝒗𝑖𝑗
′  here only represents the disturbance on bead 𝑖 due to bead 𝑗, thus the total 
disturbance on bead 𝑖 should be ∑ 𝒗𝑖𝑗
′𝑗=𝑁
𝑗=1 .  More detailed discussion on HI can be found in 
the following section.  
 
2.3.2. Hydrodynamic interaction 
Particles moving in a viscous field induce a flow field around themselves which 
will be felt by all other beads. (26) In other words, hydrodynamic forces are transmitted 
between the particles in the form of translations and rotations, and the motions of particles 
are coupled through the flow field around (Fig. 4 (A)). Also, particles on the surface of a 
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cluster are shielding the ones inside, which leads to the situation that inside particles feel 
less hydrodynamic drag force from the flow field (Fig. 4 (B)). 
 
Figure 4 A) Particles subject to external forces due to the movement of other beads. (26) B) Particles 
inside a cluster experience a smaller drag force than those on surface. (48) 
 
As mentioned in early sections, HI is always important for long polymer molecules 
with large molecular weight. Ermak and McCammon et al (49) had shown that the 
disturbance velocity can be included into the Langevin equation by introducing the 
diffusion tensor 𝐃𝑖𝑗 =
𝑘𝐵𝑇
𝜁
(𝛿𝑖𝑗𝐈 + 𝜁𝛀𝑖𝑗), where 𝑘𝐵 is Boltzmann’s constant, 𝑇 is absolute 
temperature, 𝛿𝑖𝑗 is the Kronecker delta and 𝐈 is an unit tensor. 𝐃𝑖𝑗 is itself a second-order 
tensor, i.e., 3 × 3 . Notably, the overall diffusion tensor 𝐃  is force-order tensors, which 
means the dimension of it is 3𝑁 × 3𝑁 for a 𝑁-beads system.  
In general, calculating the diffusion tensor 𝐃 is complicated because it is related to 
the instantaneous positions of all beads in a nonlinear way. (50) In polymer modeling, the 
diffusion matrix is often approximated by its far-field asymptotes. (51) The lowest order 
of approximation is the Oseen-Burgers (OB) tensor (14, 52, 53),  
𝐃𝑖𝑖 =
𝑘𝐵𝑇
6𝜋𝜂𝑎
𝐈
𝐃𝑖𝑗 =
𝑘𝐵𝑇
8𝜋𝜂 𝑟𝑖𝑗
(𝐈 +
𝐫𝑖𝑗𝐫𝑖𝑗
𝑟𝑖𝑗
2 ) ,    𝑖 ≠ 𝑗
                                                 (6) 
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where 𝐫𝑖𝑗 = 𝐫𝑖 − 𝐫𝑗, and 𝑟𝑖𝑗 = |𝐫𝑖𝑗|. When the distance between beads is less than the bead 
diameter, the tensor becomes nonpositive definite, which causes numerical unstable, and 
thus the Oseen-Burgers tensor becomes unsuitable for simulations. A better approximation 
is the Rotne-Prager-Yamakawa (RPY) tensor, which considers the finite size of the beads. 
There are two expressions in RPY tensor, one is for separation distances between beads is 
larger than twice the radius of the bead, and the other for separations less than this (beads 
are overlapping) (54, 55),  
𝐃𝑖𝑖 =
𝑘𝐵𝑇
6𝜋𝜂𝑎
𝐈  
𝐃𝑖𝑗 =
𝑘𝐵𝑇
8𝜋𝜂
1
𝑟𝑖𝑗
{
 
 
 
 [(1 +
2𝑎2
3𝑟𝑖𝑗
2) 𝐈 + (1 −
2𝑎2
𝑟𝑖𝑗
2 )
𝐫𝑖𝑗𝐫𝑖𝑗
𝑟𝑖𝑗
2 ],      𝑟𝑖𝑗 ≥ 2𝑎
𝑟𝑖𝑗
2𝑎 [(
8
3 −
3𝑟𝑖𝑗
4𝑎2
) 𝐈 +
𝑟𝑖𝑗
4𝑎
𝐫𝑖𝑗𝐫𝑖𝑗
𝑟𝑖𝑗
2 ],               𝑟𝑖𝑗 < 2𝑎
,    𝑖 ≠ 𝑗
                (7) 
As the ratio of the bead radius to the distance between beads becomes small, the RPY 
tensor can be reduced to the OB tensor. Note that the free draining (without HI) model 
always have undisturbed flow field, so that can be easily obtained with 𝐃𝑖𝑗 = 𝐃𝑖𝑖 for all 
beads regardless their radius. 
 
 
2.3.3. Spring force 
Entropic elasticity is important when the flow is strong enough to stretch or shrink 
the chain, and the spring force represents such an effect. The spring force acts on two beads 
connecting has the same magnitude but different direction. Considering a chain of beads 
connected by springs and with each bead (other than the two ends) bound by two springs 
leads to the following 
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𝐅𝑖
𝑆 = 𝐅𝑆𝑝𝑟𝑖𝑛𝑔_𝑖
𝑆 − 𝐅𝑆𝑝𝑟𝑖𝑛𝑔𝑖−1
𝑆     , 2 ≤ 𝑖 ≤ 𝑁 − 1                              (8)  
where 𝐅𝑆𝑝𝑟𝑖𝑛𝑔_𝑖
𝑆  is the force that acts on bead i  by spring i , and bead on the other side of 
the spring i  feels the same force but towards different direction, −𝐅𝑆𝑝𝑟𝑖𝑛𝑔_𝑖
𝑆 . Two end beads 
only connect to one spring, thus the expressions for the ends are 𝐅1
𝑆 = 𝐅𝑆𝑝𝑟𝑖𝑛𝑔_1
𝑆  and 𝐅𝑁
𝑆 =
−𝐅𝑆𝑝𝑟𝑖𝑛𝑔_(𝑁−1)
𝑆 . As mentioned previously, FENE springs represent A2 domains of VWF 
molecule while harmonic springs connecting VWF monomers. Here, 𝐅𝑆𝑝𝑟𝑖𝑛𝑔_𝑖
𝑆  is either a 
FENE spring force or a harmonic spring force. Most flexible synthetic polymers as well as 
single stranded DNA are modeled using the FENE spring law 
𝐅𝐹𝐸𝑁𝐸
𝑆 =
𝐻𝐐𝑖
1 − 𝑄2 𝑄0
2⁄
                                                    (9) 
where H  is the spring constant, 𝐐𝑖 = 𝐫𝑖+1 − 𝐫𝑖 , 𝑄 is the magnitude of 𝐐𝑖  and 𝑄0 is the 
maximum extended length for the spring. The expression for the harmonic spring is given 
by 
𝐅𝐻𝑎𝑟𝑚𝑜𝑛𝑖𝑐
𝑆 = 𝑘
𝐐𝑖
𝑄𝑖
(𝑄𝑖 − ?̇?)                                         (10) 
where 𝑘  is the strength of the force keeps the average distance between connected 
monomers stiffly constrained to relatively small fluctuations around ?̇?, separation distance 
in equilibrium state. 
 
 
2.3.4. Intermolecular interaction 
The intermolecular interaction represents the self-association between different 
monomers, which collapsed the VWF polymer into a relatively compact globule but 
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prevented any bead overlapping. A pairwise truncated Lennard-Jones interaction force is 
used to model this interaction, 
𝐅𝑖𝑗
𝐼𝑛 = −𝑘𝐵𝑇
{
 
 
 
 4𝜀
𝑑𝑒𝑣
[12 (
𝑑𝑒𝑣
𝑟𝑖𝑗
)
13
− 6(
𝑑𝑒𝑣
𝑟𝑖𝑗
)
7
] ?̂?𝑖𝑗   ,         𝑟𝑖𝑗 ≥ 3
4𝜀
𝑑𝑒𝑣
[12 (
𝑑𝑒𝑣
3
)
13
− 6(
𝑑𝑒𝑣
3
)
7
] ?̂?𝑖𝑗  ,           𝑟𝑖𝑗 < 3
                            (11) 
where ?̂?𝑖𝑗 is the unit vector along 𝐫𝑖𝑗, 𝑟𝑖𝑗 ≡ |𝐫𝑖𝑗|, and 𝜀 and 𝑑
𝑒𝑣 are the energy and length 
parameters, respectively. A constant repulsive force below a reduced distance of 3 acts to 
prevent bead overlapping while maintaining numerical stability during simulations; the 
value of 3 is slightly smaller than a bead diameter is chosen to produce the same level of 
maximum repulsive force as Larson et al. (56)  
 
 
2.3.5. Brownian motion 
The Brownian force is a random force which fluctuates rapidly due to thermal 
bombardment of the polymer by solvent. According to fluctuation-dissipation theorem, 
over a long time scale, the average of the random force should tend to zero; a relationship 
must exist between Brownian motion and drag, since the rate of Brownian motion reflects 
the diffusion coefficient, which is related to the drag coefficient. (45) A general form of 
fluctuation-dissipation theorem in the absence of HI is given by (57), 
〈𝑭𝑖
𝐵(𝑡)〉 = 0
〈𝑭𝑖
𝐵(𝑡)𝑭𝑖
𝐵(𝑡′)〉 = 2𝑘𝐵𝑇𝜁𝛿(𝑡 − 𝑡′)
                                          (12) 
where ( )t t   is the Dirac delta function. Thus, the Brownian force averaged over a time 
scale ∆𝑡 becomes 
𝑭𝑖
𝐵 = (
6𝑘𝐵𝑇𝜁
∆𝑡
)1/2𝒏,                                                      (13) 
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where 𝒏 is a random three-dimensional vector, each component of which is uniformly 
distributed in the interval [-1, 1]. (57) Considering the inverse of the average of the square 
of the 3-dimensional random vector, an additional factor 3 along with the factor of 2 from 
Eq. (12) gives the factor of 6 in Eq. (13). (45) To include HI, the fluctuation-dissipation 
theorem has a square root relationship between 𝐃𝑖𝑗 and 𝝈𝑖𝑗 
𝐃𝑖𝑗 =∑ 𝝈𝑖𝑙 ∙ 𝝈𝑗𝑙
𝑙=1
.                                                        (14) 
Here, both 𝐃𝑖𝑗 and 𝝈𝑖𝑗 are second-order tensors (i.e. 3 × 3), while the overall tensor 𝐃 and 
𝝈 are fourth-order tensors(i.e. 3𝑁 × 3N). The calculation of 𝝈 is obtained by performing 
Cholesky decomposition. By including HI, the Brownian force is given by 
𝑭𝑖
𝐵 = (
6𝑘𝐵𝑇𝜁
∆𝑡
)1/2∑ 𝝈𝑖𝑗
𝑛
𝑗=1
∙ 𝒏                                              (15) 
 
2.3.5. Boundary effect 
To simulate VWF multimer binds to collagen exposed from injured blood vessel 
wall, it is necessary to keep VWF multimer entities (i.e. beads) near but not crossing the 
planar surface. Here, the lower boundary is obtained by applying a force term with 
Heaviside function is used (31) 
𝑭𝑖
𝐿𝑊 = 𝑘𝐵𝑇 [
3𝑎
𝑧𝑖−𝑎
−
3
2𝑎
] Θ(3𝑎 − 𝑧𝑖)?̂?                                  (16)                                          
where 𝑎 is the radius of beads, ?̂?  is the unit vector in the direction normal to the wall and 
𝑧𝑖 is the distance between the center-of-mass of a bead and the lower wall. Note that 
collagen binding sites are placed uniformly at 𝑧 = 3𝑎. Once a bead has a lower position 
than the collagen binding sites, the wall starts to exert a repulsive force that pushes the bead 
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away from the way. The higher boundary is performed by a 𝑭𝑖
𝐻𝑊 = −
0.7𝑘𝐵𝑇
𝑧?̃?
?̂?, where 𝑧?̃? is 
the distance between a bead and the higher wall. Thus, the total force due to boundaries is 
given by 
𝑭𝑖
𝑊 = 𝑭𝑖
𝐿𝑊 + 𝑭𝑖
𝐻𝑊 = 𝑘𝐵𝑇 [(
3𝑎
𝑧𝑖 − 𝑎
−
3
2𝑎
)Θ(3𝑎 − 𝑧𝑖) −
0.7
𝑧?̃?
] ?̂?                     (17) 
The boundaries only exist when study the A3 domain - collagen interaction. Simulations 
of polymer chains in other studies do not have any spatial constraints.  
 
2.3.6. A3 domain collagen binding force 
When a bond is formed between an A3 domain in VWF and a collagen binding site, 
the bond force is simulated by 𝑭𝑖
𝐶 and expresses as a harmonic spring 
    𝑭𝑖
𝐶 = ?̃?𝑸𝑖𝑤𝑖,𝑗,𝑡                                                        (18) 
where ?̃? is the strength of the force and 𝑸𝑖 is the vector from the binding site to the position 
of bead 𝑖. 𝑤𝑖,𝑗,𝑡 is a time-evolution matrix accounting for the status of the binding between 
monomer 𝑖 and a surface binder 𝑗 at time 𝑡, with 1 indicating that there is binding and 0 
indicating the absence of a binding interaction. The evolution of the matrix, 𝑤𝑖,𝑗,𝑡 , is 
governed by 
𝑤𝑖,𝑗,𝑡 =
{
 
 
 
 {
1  𝑖𝑓 Ξ < 𝑒−∆?̃?𝐵
0 𝑖𝑓 Ξ > 𝑒−∆?̃?𝐵
{
0 𝑖𝑓 Ξ < 𝑒−∆?̃?𝑈𝐵+?̇?∆𝑥
1 𝑖𝑓 Ξ > 𝑒−∆?̃?𝑈𝐵+?̇?∆𝑥
  
𝑖𝑓 𝑤𝑖,𝑗,𝑡−1 = 0 𝑎𝑛𝑑 𝑞𝑖 ≤ ?̃?
𝑖𝑓 𝑤𝑖,𝑗,𝑡−1 = 1
              (19)                           
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The state of 𝑤𝑖,𝑗,𝑡  depends on the binding transition probabilities 𝑒
−∆?̃?𝐵  and 
𝑒−∆?̃?𝑈𝐵 , the previous state 𝑤𝑖,𝑗,𝑡−1, and reaction radius ?̃? within which the reaction may 
occur. ∆?̃?𝐵  and ∆?̃?𝑈𝐵  represent the activation energies of binding and unbinding, 
respectively. Ξ is a randomly generated number between 0 and 1. ?̇? is the component of 
the external force on the bound bead that lies along the bead-binding site direction and ?̇? is 
the spatial distance from the minimum of the bound potential well to the energy barrier 
along the reaction coordinate, ∆𝑥 = 0 𝑛𝑚 represents suppressed slip bind, also refers to 
no-slip bond. Nonetheless, details of ∆𝑥  for slip bond are discussed further in the 
Parameterization section below.  Only one bead in each VWF monomer was permitted to 
bind to collagen binding sites in order to model the presence of the A3 domain in a certain 
region of the monomer.  Furthermore, each collagen binding site could only bind to a single 
model A3 domain at any given time. 
 
2.4. Parameterization of von Willebrand Factor Model 
2.4.1. Parameterization 
Parameters used in the model described above were obtained by optimizing against 
experimental data, where available.  For parameters in the FENE spring, data from Ref. 
(37) were used to compute H = 0.1428 𝑚𝑁/𝑚 and 𝑄0 = 60 𝑛𝑚.  As presented previously, 
these two values were obtained by performing a curve-fit to the A2 domain force-extension 
data using the FENE spring law. (37, 46) In the simulations, the bead radius 𝑎 = 10 𝑛𝑚, 
which is half of the experimentally observed length of the fully unfolded monomer (80 
𝑛𝑚) minus the maximum extended length for the FENE spring 𝑄0. The length parameter 
in the Lennard-Jones potential 𝜎 = 20/21/6 𝑛𝑚  is approximately two times the bead 
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radius. To model the VWF multimer as being in a poor solvent, it should be in a globule 
state at zero and low flow regimes.  This was achieved with an energy parameter in the 
Lennard-Jones interaction 𝜀 = 0.52𝑘𝑏𝑇 (58) and length parameter𝑑
𝑒𝑣 = 17.81 𝑛𝑚. For 
harmonic springs, ?̇? = 21.54 𝑛𝑚, which is slightly larger than two times the bead radius, 
determined from considerations of VWF monomer-monomer separation distance.  
Single-molecule pulling experiments were conducted to elucidate VWF-collagen 
interactions and results were used to parameterize the Bell model for describing unbinding 
of a VWF monomer from collagen.  As discussed further in Results and Discussion, the 
experimentally obtained activation energy for unbinding was ∆𝐸𝑈𝐵 = 5.7 ± 0.7 kT.  For 
results presented here, ∆𝐸𝑈𝐵  = 6 kT was used throughout; furthermore, to examine our 
model at an energy range similar to that focused on in Ref. (31), ∆𝐸0 = -2 kT such that 
∆𝐸𝐵= 4 kT.  Recall from above that experimental evidence exists suggesting ∆𝐸0 < -2 kT; 
in the Results and Discussion section below, how such a change to the model might affect 
data obtained is presented.  Reaction radius ?̃? = 10 𝑚 .  For calculations presented here, 
the distance between collagen binding sites uniformly distributed in a square grid on the 
surface was 43 𝑛𝑚.  Temperature is fixed at T = 300 𝐾 for all simulations. Table 2.1 below 
listed all the parameters that used in this study.  
 28 
 
Parameter Symbol Value 
FENE Spring Constant H 0.1428 
𝑝𝑁
𝑛𝑚⁄  
Harmonic Spring Constant k 100 𝑘𝑏𝑇 
Maximum Extendable Length for 
Harmonic Springs 
?̇? 21.54 𝑛𝑚 
Maximum Extendable Length for FENE 
Springs 
 𝑄0 60 𝑛𝑚 
Bead Radius 𝑎 10 𝑛𝑚 
Lennard-Jones Energy Parameter 𝜀 0.52 𝑘𝑏𝑇 
Lennard-Jones Length Parameter 𝑑𝑒𝑣 17.81 𝑛𝑚 
Temperature T 300𝐾 
Viscosity 𝜇 0.001 𝑝𝑁 ∙ 𝜇𝑠 𝑛𝑚2⁄  
Drag Coefficient 𝜁 = 6𝜋𝜂𝑎 0.1885 𝑝𝑁 ∙ 𝜇𝑠 𝑛𝑚⁄  
Collagen binding strength ?̃? 100 𝑘𝑏𝑇 
Activating energy of binding ∆𝐸𝐵 4 𝑘𝑏𝑇 
Activating energy of unbinding ∆𝐸𝑈𝐵 6 𝑘𝑏𝑇 
Reaction radius ?̃? 10 𝑛𝑚 
Table 1 List of parameters. 
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2.4.2. Non-dimensional procedure 
Variables in this work were made dimensionless by scaling length with √𝑘𝑏𝑇/𝐻, 
force with √𝐻𝑘𝑏𝑇, and time with 𝜁 𝐻⁄ , where 𝐻 is the spring constant in the FENE spring 
term and 𝜁 is the drag coefficient defined as 𝜁 = 6𝜋𝜂𝑎 with 𝜂 denotes the viscosity of the 
fluid. The energy parameters used in the forces are made dimensionless by 𝑘𝑏𝑇. The 
dimensionless form of parameters is in Table 2.2 below.   
 
Parameter Dimensional Form Dimensionless Form 
Length √𝑘𝑏𝑇/𝐻 = 5.3846 𝑛𝑚 1 
Force √𝐻𝑘𝑏𝑇 = 0.7692 𝑝𝑁 1 
time  𝜁 𝐻⁄ = 1.319 𝜇𝑠 1 
Energy 𝑘𝑏𝑇 1 
   
k 100 𝑘𝑏𝑇 100 
?̇? 21.54 𝑛𝑚 4 
 𝑄0 60 𝑛𝑚 11.14 
𝑎 10 𝑛𝑚 1.857 
𝜀 0.52 𝑘𝑏𝑇 0.52 
𝑑𝑒𝑣  17.81 𝑛𝑚 3.3088 
?̃? 100 𝑘𝑏𝑇 100 
∆𝐸𝐵  4 𝑘𝑏𝑇 4 
∆𝐸𝑈𝐵 6 𝑘𝑏𝑇 6 
?̃? 10 𝑛𝑚 1.857 
Table 2 Comparison of parameters between dimensional and dimensionless form. 
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3. Simulation Techniques 
3.1. Governing equation 
        By substituting Hi into Eq. (2), the stochastic differential equation including 
HI becomes 
?̇?𝑖 = (∇𝐮)
𝑇 ∙ 𝐫𝑖 +∑𝛁𝒋 ∙ 𝐃𝑖𝑗
𝑁
𝑗=1
+∑
𝐃𝑖𝑗 ∙ (𝐅𝑗
𝑆 + 𝐅𝑗
𝐼𝑛 + 𝐅𝑗
𝐵)
𝑘𝐵𝑇
.
𝑁
𝑗=1
                   (20) 
The second term, 𝛁𝒋 ∙ 𝐃𝑖𝑗 compensates for the spurious flus due to inhomogeneities in the 
diffusion tensor, which is identically zero in the cases where 𝐃 is taken to be OB or RPY 
tensors. However, with the presence of boundaries, this term is nonzero, and computed as   
𝛁𝒋 ∙ 𝐃𝑖𝑗 = (
1.125𝑎
𝑧𝑖
2 −
1.5𝑎3
𝑧𝑖
4 ) ?̂?                                            (21) 
By incorporating the forces and applying dimensionless scales, the discretized Langevin 
equation for bead 𝑖 is given by 
𝐫𝑖 = 𝐫𝑖
𝑜𝑙𝑑 + [(∇𝒖)𝑇 ∙ 𝐫𝑖 + ∑ 𝑫𝑖𝑗
𝑁
𝑗=1 (𝑭𝑗
𝑆 − 𝑭𝑗−1
𝑆 + 𝑭𝑗
𝐼𝑛 + 𝑭𝑗
𝑊 + 𝑭𝑗
𝐶) + ∑ 𝛁𝒋 ∙ 𝑫𝑖𝑗
𝑁
𝑗=1 ]∆𝑡 +
√6∆𝑡 ∑ 𝝈𝑖𝑗
𝑖
𝑗=1 𝒏𝑗                                                                               (22)                                                
where 𝐫𝑖 and 𝐫𝑖
𝑜𝑙𝑑 are the position vectors of bead 𝑖 at the new and old times respectively.  
 
3.2. Simulation details 
Simulations were conducted to characterize the behavior of VWF multimers for 
100 times longer than their computed longest relaxation time. (Chosen of longest relaxation 
time will be discussed later in Chapter 3.) Simulations were conducted using the time-step 
∆𝑡 = 10-5 in dimensionless time unit.  The VWF multimers are modeled either in shear flow 
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or in elongational flow.  For a pure shear flow, the velocity gradient of the flow field is 
given by 
     ∇𝐮 = (
0 0 ?̇?
0 0 0
0 0 0
)                                                               (23) 
where ?̇? is the shear rate. Under elongational flow, the velocity gradient is 
          ∇𝐮 = (
𝜀̇ 0 0
0 −𝜀̇ 2⁄ 0
0 0 − 𝜀̇ 2⁄
)                                                     (24) 
where 𝜀̇ is the shear rate. The Weissenberg number 𝑊𝑖 is used to characterize the strength 
of flow. 𝑊𝑖 = 𝜏?̇?  (shear flow) or 𝑊𝑖 = 𝜏𝜀̇  (elongational flow), where 𝜏  is the longest 
relaxation time of VWF multimers. (46) The radius-of-gyration was computed to 
characterize the conformation of a VWF multimer and is defined as, 
   𝑅𝑔 = √
〈∑ |𝐫𝑖−𝐫𝑐,𝑚|
2𝑁
𝑖=1 〉
𝑁
                                                          (25) 
where 𝐫𝑖 is the position of 𝑖th bead, 𝐫𝑐,𝑚is the center of mass of the chain and 〈∙〉 denotes 
an ensemble average. 
The initial conformation of each molecule modeled was generated by placing the 
first bead at 10 dimensionless units above the local origin. Subsequent beads were placed 
either 4 or 5 dimensionless units away from the preceding bead, depending on whether the 
two beads were connected by a harmonic or FENE spring, respectively. The actual position 
of placement was chosen randomly and 32 different initial conformations were used to 
improve ensemble averaging. The form of the bead-bead force expression is such that bead 
overlaps existing at time zero were quickly eliminated when the dynamic simulation began, 
while also maintaining numerical stability.  
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CHAPTER 3 Flow-Induced Conformational Change of von 
Willebrand Factor  
1. Introduction 
Significant research has been made in understanding flow-induced conformational 
changes in molecules such as VWF, some details of the process remain obscure. It remains 
unclear that how the dynamic conformation of a VWF multimer depends on details of its 
molecular architecture, including relative interaction strength between different domains 
in VWF. A motivation for understanding VWF is to potentially benefit the treatment of 
related diseases; another is the potential to synthesize molecules that mimic VWF behavior 
in some way. To achieve such goals, models would ideally possess the ability to make 
accurate quantitative predictions. While much has been gained from prior investigations 
based on coarse grain molecular models, it is important to advance new such models that 
directly incorporate into their description the growing body of experimental data from 
techniques such as single molecule force spectroscopy. This is further true for developing 
models of the interaction between different domains on VWF and relevant blood clotting 
species such as platelets and tissue walls. Since prior simulations have employed molecular 
models that did not attempt to incorporate submonomer mechanical properties observed in 
experiment, an opportunity exists to improve coarse grain molecular descriptions of flow 
sensitive biopolymers while maintaining relatively simple numerical implementation. 
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2. Simulation Details and Results 
2.1. Molecular relaxation time 
In all simulations in this dissertation, 𝑁 is used to represent number of beads, thus 
the number of monomers is 𝑁/2. In order to compare simulation results of the vWF 
multimers with different length, the longest relaxation time 𝜏 has to be determined first. 
We compute 𝜏 by starting with a model of an extended vWF chain whose end-to-end 
distance is 70% of its contour length L. A collection of such chains was modeled in no-
flow conditions until the VWF chains were fully relaxed to their equilibrium end-to-end 
distance values.  The relaxation time was then computed by fitting the square of the end-
to-end distance 〈𝑅2〉 versus time 𝑡 in the regime where statistical errors are relatively small. 
(56) 
                                                       〈𝑅2〉 − 〈𝑅2〉𝑒𝑞 = 𝐴 𝑒𝑥𝑝(−𝑡/ 𝜏)                                  (26) 
where 〈𝑅2〉𝑒𝑞 is the equilibrium value of 〈𝑅
2〉 and 𝐴 is a constant. (59) 
The relaxation curves for square of end-to-end distance versus time for one 60 
beads VWF multimer are shown in Fig. 5. The longest relaxation time 𝜏 was measured in 
the regime where the ratio of end-to-end distance to L is less than 0.3. (59, 60) Obviously 
the 60 beads VWF multimer with HI is relaxing to a more globule-like state faster than 
without HI. Simulations with three different initial conformations have been done for same 
number of beads, which produced almost same results, meaning the initial conformation of 
VWF multimer has little influence on 𝜏. 
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Figure 5 Relaxation curves for square of end to end distance versus time using 60 beads (A) without 
HI and (B) with HI. 
The data in Fig. 6 is averaged over 32 VWF multimers with different random 
number starting seeds. Fig. 6 shows the longest relaxation time 𝜏 for different number of 
beads with and without HI. It also further shows that HI increases the rate of relaxation of 
VWF multimers to equilibrium from an extended state.  Decreased relaxation time in the 
presence of HI is attributed to the so-called drag effect in that a preceding moving bead 
creates a stream pattern that pulls following beads in the direction of its motion. (51) It is 
found that a power-law scaling of relaxation time with number of beads exists, with 
exponents of 2.08 and 1.56 in simulations without and with HI. The R-squared values 
showing the quality of the fits are 0.99 for both FD and HI. In comparison, the Rouse 
relaxation time (without HI) and the Zimm relaxation time (with HI) depend on number of 
beads as 𝜏𝑅~𝑁
2 and 𝜏𝑍~𝑁
3/2, respectively. (61)  
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Figure 6 Dependence of the longest relaxation time 𝝉 on the number of beads 𝑵 with and without 
hydrodynamics: (A) linear scale plot with error bar (confidence interval) and (B) log scale plot. 
 
2.2. Molecular response in flow  
In FD simulations, the HI effect is neglected. Fig. 7 shows the dependence of 
radius-of-gyration on the length of VWF multimer in a no-flow condition. We found that 
𝑅𝑔 scales as 𝑁
0.3197 that is close to the exponent of power law in poor solvent. Fig. 8 
displays results during flow for the ensemble average of 𝑅𝑔 normalized by 𝑁
0.3197 as a 
function of 𝑊𝑖. As expected, normalized 𝑅𝑔 monotonically increases with 𝑊𝑖 and then 
approaches an apparent asymptote, regardless of the length of the vWF multimer, which is 
the same behavior that Larson observed. (56, 62) Normalized 𝑅𝑔 are approximately the 
same for all cases when 𝑊𝑖 is below unity. The gap of the normalized 𝑅𝑔 between different 
cases becomes more pronounced as 𝑊𝑖 goes above unity, because longer vWF multimer 
has more potential to unfold and is more sensitive to flow conditions.  
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Figure 7 Dependence of the radius-of-gyration 𝑹𝒈 on chain length 𝑵. 
 
Figure 8 Dependence of the normalized radius-of-gyration 𝑹𝒈 for different length of chains on 
Weissenberg number (𝑾𝒊): (A) linear scale plot and (B) log scale plot. 
 
Temporal characteristics for a single 60-bead VWF multimer under no flow 
condition and in 𝑊𝑖 = 1 and 10 shear flow are represented in Fig. 9. As we see from 𝑊𝑖 =
10 case, the vWF multimer reacted rapidly to the shear flow such that there is no apparent 
transient state. In that case, the ensemble average of 𝑅𝑔 was calculated by averaging all 
data during a simulation run. For this specific 60-bead VWF multimer, the simulation 
running 100 times the longest relaxation time yielded ensemble average 𝑅𝑔 = 35.02. As 
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we can see, the VWF multimer is significantly uncoiled at some points, which can enable 
the A3 domain to bind to collagen. Compared to 𝑊𝑖 = 10 case, the vWF multimer exhibits 
fewer unfolding events and overall smaller fluctuations in 𝑊𝑖 = 1  case, in which the 
assemble average 𝑅𝑔 = 13.04. However, occasional significant degrees of unfolding of 
VWF multimers still occur at this relatively weak flow. This emphasizes the sensitivity of 
our model VWF molecules to shear flow. In no-flow conditions, the assemble average 
𝑅𝑔 = 10.85. Relatively little fluctuations persist in the no-flow case because the energy 
parameter is 1.43, which is strong enough to attract the beads to form a compact VWF 
globule. 
  
 
Figure 9 Time dependence for a 60-bead chain: (A) 𝑾𝒊 = 𝟏𝟎 case, (B) 𝑾𝒊 = 𝟏 case and (C) no flow 
case. 
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In hydrodynamic interaction simulations, the diffusion tensor for the RPY 
description 𝐃 and weighting factor 𝛔 are solved at every time-step. The conformational 
behavior of 20-beads VWF multimers are tested under various strength of shear flow and 
compared with the results in FD. As seen in Fig. 10, HI has little effect on the 
conformational changes of VWF multimers when 𝑊𝑖 is below unity.  This is because the 
disturbance of the solvent by the slow motion of beads is negligible. When 𝑊𝑖 is greater 
than unity, the rate of unfolding for HI cases is always smaller than for FD cases. The 
reason is that the beads hidden inside the protein are shielded from the flow and only a 
small fraction of the beads experience the fully drag force. A previously described shield 
effect predicting HI play a hindering role such that unfolding with HI requires a much 
stronger intensity of flow than without has been proved in our study. (51) 
The critical Weissenberg number is around unity in Fig. 8 and 10, above which we 
observe a sharp transition of VWF multimer from a collapsed conformation to a stretched 
conformation. The critical shear rate to trigger the unfolding of VWF multimer measured 
by S.W. Schneider et al. in experiments is ?̇?𝑐𝑟𝑖𝑡 = 5000 𝑠
−1 . (32) After cleaved by 
ADAMTS 13, VWF multimers mostly have the length of 40 to 200 monomers. For a 80-
beads VWF multimer (40 monomers), considering 𝑊𝑖 = 1 is equivalent to a shear rate 
around 3500𝑠−1 and the transition happens at 𝑊𝑖 > 1, the critical shear rate for a 80-beads 
multimer predicted by our simulation results have a good agreement with the experiments.  
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Figure 10 Dependence of the radius-of-gyration 𝑹𝒈 for 20 beads vWF chains on Weissenberg number 
(𝑾𝒊) for HI and FD cases: (A) linear scale plot and (B) log scale plot. 
 
2.3. Intra-monomer domain response under flow 
Results presented thus far underscore that the current model predicts multimer 
response to flow in very good agreement with prior simulations as well as available 
experimental data. A capability of the model presented is to simulate intra-monomer 
dynamics in terms of the elongational response of the FENE springs (i.e. the model A2 
domains) to flow rate. Data in Fig. 11 show the ensemble average length of FENE 
springs in the FD case as a function of Wi as well as N. For Wi < 10, the model A2 
domains remain at a length equal to that expressed at zero flow, which – in conjunction 
with adjacent beads – corresponds in real units to a monomer size near 40 nm. For Wi 
> 10, model A2 domain length increases with flow rate; at the highest Wi explored, the 
average value has nearly doubled or more, depending on N. Contrary to observations 
made from data in Fig. 8 for 𝑅𝑔 versus Wi, data in Fig. 11 show that the dependence of 
the FENE spring length on Wi is stronger for smaller N. We explain this perhaps non-
intuitive result in terms of data in Fig. 8. Larger molecules possess more modes of 
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dynamic structural response through which they interact with a flow field; therefore, 
larger molecules exhibit greater N dependence for molecular extension in high flow. 
Due to increased energy dissipation by molecular scale motion, less energy is dissipated 
by modes internal to the monomers. Thus, the dependence on Wi of the model A2 
domain length is somewhat less for larger N. 
 
Figure 11 Dependence of the Length of FENE spring for different length of chains on Weissenberg 
number (Wi). 
 
The model unfolding transition for the A2 domain occurs near Wi = 10 whereas, 
for this model and prior similar models, (28) multimer unfolding occurs for flow greater 
than Wi = 1. This order of magnitude increase for intra-monomer domain unfolding is likely 
reflective of a smaller relaxation time for FENE springs compared to the relaxation time 
for the multimer; the latter was the value used in computing Wi in Fig. 11. We did not 
attempt to compute a relaxation time for the FENE spring alone; however, supporting 
evidence for a significantly lower relaxation time is discussed below in regard to 
fluctuation dynamics for FENE springs in high flow. The overarching conclusion is that, 
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as flow increases, the current model predicts a molecular unfolding transition that emerges 
at lower flow rate than a sub-monomer domain unfolding transition at higher flow rate. 
Similar to data shown in Fig. 9 for the time dependence of 𝑅𝑔 at multiple flow rates, 
Fig. 12 shows analogous data for the FENE chain length time dependence. In this case, 
data are only shown for zero flow and Wi = 100 and, for the latter, significant fluctuations 
are manifest in the model A2 domain dynamics. Indeed, there are periodic excursions 
where the model A2 domain becomes nearly completely unfolded. As mentioned above, 
the fluctuation period observed in Fig. 12 is significantly smaller than that observed in Fig. 
9; this supports the notion that FENE springs exhibit a significantly lower relaxation time 
than multimers. In accord with the model domain unfolding transition occurring near Wi = 
10, significant fluctuations in the FENE spring dynamics do not emerge until above this 
transition as well. Data are only shown for N = 20; however, this analysis was done for all 
cases studied. Similar to the average FENE spring data, fluctuations in FENE spring length 
decrease somewhat with increasing N. However, this effect is small and all cases studied 
exhibited periodic excursions to nearly complete unfolding of the model A2 domain in high 
flow scenarios. The effect of HI on intra-monomer dynamics was explored for N = 20 and 
it was found for that case that the inclusion of HI had negligible effects on intra-monomer 
dynamics. It remains possible that HI may have greater effect on the behavior of the model 
A2 domains for larger N and this will be a focus of future work. 
 
 43 
 
Figure 12 Time dependence of the length of FENE spring for a 20-bead chain: (A) Wi = 0 case, (B) Wi 
= 100 case. 
 
 
Results here demonstrate the power of the current model in revealing not only 
multimer response to flow, but also intra-monomer domain response to flow. One role of 
the A2 domain is to interact with the ADAMTS13 enzyme to achieve scission of, in 
particular, ultra large VWF multimers in blood. The site in the A2 domain at which 
proteolysis occurs is shielded from the enzyme when multimers are in a compact globule 
conformation. For all cases studied here, the model A2 domains exhibit periodic complete 
unfolding at high flow rate; such behavior would abet interaction with ADAMTS13, 
leading to scission. Though larger N here was seen to result in a smaller dependence of the 
model A2 domain extension on flow, the dependence on N was relatively small. This was 
particularly true with regard to fluctuations. Furthermore, larger N means that a larger 
number of A2 domains are undergoing observed periodic complete expansion. Thus, for 
larger N, the likelihood for interaction between the A2 domain and ADAMTS13 is higher 
because more A2 domains are being exposed. More detailed of As domains length response 
to flow is discussed further in Chapter 5. 
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3. Conclusion 
In this chapter, a realistic VWF model has been proposed that exploits experimental 
observations that A2 domains of VWF monomers have low resistance to unfolding. Given 
this, the A2 domain in the presented model is treated as a FENE spring with significant 
extensibility. The rigid domains of each VWF monomer are treated as two beads attached 
to one another by the FENE spring. Adjacent monomers are connected by a tight harmonic 
spring between one bead on each monomer, thus forming VWF multimers. This model 
enabled us to capture some of the structural conformational changes, and corresponding 
mechanical response, inside each VWF monomer. The model is optimized by fitting 
parameters to experimentally observed data. The spring constant and the maximum 
extended length for the FENE spring are determined based on A2 domain force-extension 
experimental data. The energy and length parameters for Lennard-Jones potential are 
optimized to mimic coiled VWF globule in poor solvent without flow that the power law 
is 𝑅𝑔~𝑁1/3. Brownian dynamics simulations using this VWF model with the measured 
parameters have been performed to calculate the longest relaxation time 𝜏  of vWF 
multimer with different length in both FD and HI cases. The results revealed that the 
relaxation time with HI is much smaller than without HI for the same number of beads. A 
power-law scaling of relaxation time with number of beads exists, with exponents of 1.56 
and 2.08 in simulations with and without HI. The same techniques have been used to study 
the conformational changes under various intensity of shear flow condition for a single 
VWF multimer. It is shown the length has a profound influence on characteristics of VWF 
multimer under flow. Longer VWF chain has been proven to have more potential to unfold. 
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The comparison of results with and without HI revealed that HI effect is critical for 
modeling flow-induced conformational changes of VWF multimer, which hinders 
unfolding of VWF multimer. 
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CHAPTER 4 von Willebrand Factor Binding on collagen 
surface 
1. Introduction 
As discussed earlier, VWF is a very large plasma protein that can be stretched by 
shear flow and extended to tens of microns. With such significant length, multimeric VWF 
carries many binding sites for platelets and collagen; Fig. 2 A shows a domain view of a 
VWF monomer and binding sites are believed to exist in multiple domains.  One binding 
site, the A3 domain (shaded in Fig. 2 A), is located near the center of the monomer 
structure; this site exhibits strong binding with collagen.  VWF biopolymers experience 
non-trivial hydrodynamic forces in the circulation system. It has been reported that VWF 
has force-sensing capability: the protein adopts a compact shape in normal circulatory 
status where shear rates range from tens to a few thousand per second; for shear rates 
greater than 5000 s-1, VWF changes conformation to an elongated shape, increasing its 
interaction with platelets and collagen.  Proper functioning of VWF is critical to human 
health; at least two human diseases are related to dysfunctional VWF. Type 2 von 
Willebrand Disease (VWD) is a commonly seen coagulation related condition that is 
caused by structurally abnormal multimeric VWF. Thrombotic thrombocytopenic purpura 
(TTP) is another hereditary blood disorder caused by VWF multimer abnormalities; 
symptoms include thrombus and blood clot formation throughout the body. (37, 63) Thus, 
great potential for benefit to the treatment of human disease can be had by developing 
better understanding of the mechanisms by which biopolymers like VWF adhere to 
relevant biological surfaces.  
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Though in a globule conformation at low shear, VWF is a very large plasma protein 
that can be extended to tens of microns. With such significant length, multimeric VWF 
carries many binding sites for platelets and collagen; Fig. 1 A shows a domain view of a 
VWF monomer and binding sites are believed to exist in multiple domains.  One binding 
site, the A3 domain (shaded in Fig. 1 A), is located near the center of the monomer 
structure; this site exhibits strong binding with collagen, in particular collagen III (64), 
specifically via peptide 23. (65) VWF binding to platelets in blood is achieved via the A1 
domain binding with the platelet glycoprotein Ibα. (66–68) Focus herein is on A3/collagen 
binding; nonetheless, it is interesting to note very recent evidence has been advanced that 
the A2 domain in VWF blocks the A1 domain in equilibrium conditions, thereby mediating 
A1/platelet binding.  With sufficient shear forces, dissociation of A1 and A2 occurs – 
accompanied by partial A2 domain unfolding – to permit A1/platelet interaction. (69, 70) 
It is counterintuitive that the wound healing process initiates by the adhesion of 
VWF multimers to exposed collagen. This implies that VWF multimers exhibit an 
increased potential for adhesion at high shear rate; however, theory and computational 
simulation using coarse grain molecular models have instead shown that many polymers 
detach from surfaces at high shear rate. (71) For example, Ma H. B developed a continuum 
theory and showed typical polymers migrate away from the wall in shear flow because of 
hydrodynamic interactions between the chains and the wall. A depletion layer formed near 
the wall, which was determined by the normal stresses that develop in flow. (72) R.R. Netz 
used Brownian hydrodynamic simulations and coarse grained molecular models to 
investigate polymer adsorption. He concluded that shear flow weakens the adsorption of 
flexible polymers by hydrodynamic lift.  That work also identified surface friction as an 
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important factor because surface potential corrugation weakened surface attraction as well. 
(73) C.E. Sing found the hydrodynamic lift force displays a non-monotonic character, 
which increases linearly with the distance to the wall in near-surface regime and decays 
quadratically with the distance to the wall in far field. (74) Furthermore, S. Dutta et al. 
developed a kinetic theory incorporating monomer-wall (or bead-wall) hydrodynamic 
interactions to investigate adsorption of homopolymers to a planar wall. They concluded 
shear flow causes molecular migration, leading to desorption. Increase in the flow strength 
resulted in a decrease in the quantity adsorbed and the film thickness. (75, 76)  R.R. Netz 
investigated adsorption behavior of collapsed homopolymers on different surface models. 
The surface models were distinguished into three types: homogenous adsorbing surface, 
homogenous surface with a stagnant boundary layer and inhomogeneous surface consisting 
of discrete binding sites. Globule adsorption for all three cases was not enhanced by the 
presence of shear. They concluded a more complex binding mechanism is needed to 
explain VWF adhesion behavior. (77)  These studies clearly showed shear flow induced 
desorption of typical polymers; as such, they do not explain the observed shear-induced 
VWF adsorption process. One important distinction in the preceding discussion is between 
the use of adsorption versus binding; the modeling studies described above did not model 
bond-forming reactions between molecules and a surface; thus, when a molecule attached 
to a wall, it was due to a relatively weak interaction and therefore considered adsorbed.  
VWF reacts with collagen, forming a relatively strong chemical bond; thus, bond formation 
(binding) is crucial to the process. 
More recently, some breakthroughs have been made that have further elucidated 
how VWF multimers adhere to a damaged vessel wall. Several interesting results 
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pertaining to VWF multimer adhesion in shear flow were revealed in experiments 
performed by Schneider et al. (32) Authors of that work found that, at quiescent state and 
low flow regimes, VWF multimer adhesion to a collagen coated surface was significantly 
reduced compared to what was observed at higher flow rates.  More specifically, 
experimental data revealed that VWF multimers exhibit significant conformational 
unfolding at shear rate above 5,000 𝑠−1 and that the conformational change is associated 
with a relatively sharp increase in the rate of adhesion. Based on the experimental facts that 
the unfolding and the adhesion of VWF multimers are concurrently happening, it was 
concluded that VWF multimer adhesion on a collagen-coated surface is triggered by its 
conformation. (32) 
To investigate these experimental findings further, subsequent coarse-grain 
molecular simulation studies by Sing introduced Bell-model-type interactions to mimic 
bond formation between a VWF multimer and collagen. (31) Their simulations determined 
whether a bead in the molecular model (i.e. a monomer) became bound to the surface based 
on a proximity criterion between the bead position and a given binding site, as well as 
parameterized binding and unbinding energies. The underlying chemical notion is that an 
activated energy state 𝐸𝑎𝑐𝑡 must be achieved to either bind with or unbind from a model 
collagen site; if the bound and unbound energy states are 𝐸𝐵 and 𝐸𝑈𝐵, respectively, then 
∆𝐸𝐵 = 𝐸𝑎𝑐𝑡 –  𝐸𝑈𝐵  and ∆𝐸𝑈𝐵 = 𝐸𝑎𝑐𝑡 –  𝐸𝐵  are the energy barriers to bind and unbind, 
respectively. Furthermore, ∆𝐸0 = 𝐸𝐵 –  𝐸𝑈𝐵 = ∆𝐸𝐵 − ∆𝐸𝑈𝐵 is the net energy change that 
occurs upon binding.  Such models also allow for an influence on the unbinding energy 
due to externally applied forces; in the limit that such effects are not included, bonds are 
called slip-resistant. (31) Authors of Ref. (31) focused on situations where ∆𝐸0 > -2 kT, 
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where k is Boltzmann’s constant and T is absolute temperature, and found that shear-
induced adhesion only occurred if the VWF-collagen bonds in their model were slip-
resistant; more significantly, authors of that work showed that a relatively large energy 
barrier to unbinding – or, equivalently, a long lifetime for bound states – was required.  
Based on their simulation results, the authors advanced a model of shear-induced adhesion 
that gives predictions in very good qualitative agreement with Schneider’s experimental 
observations. (32) More recently, using a coarse-grain model similar to that used in Ref. 
(31) but a multi-particle collision dynamics approach for capturing solvent influence near 
a stationary wall, Heidari, et al., explored the role of molecule cooperativity in determining 
the likelihood for binding. (78) Those authors demonstrated that a previously bound VWF 
molecule induces an attractive force on a flowing VWF molecule, increasing its chance of 
moving toward collagen binding sites and becoming bound. 
References (31) and (78) represent important steps toward using molecular scale 
models to understand VWF shear-induced binding.  It is notable that both studies explored 
energy landscapes such that ∆𝐸0 > −2 𝑘𝑇; one explanation for this was to ensure that 
binding was relatively less probable in quiescent to low shear regimes.  Specifically, in 
those articles, shear-induced binding was reported by showing the ensemble averaged 
fraction of time that a VWF molecule has more than one-fifth of its binding sites attached 
to collagen.  Since a single binding site may be sufficient to anchor a VWF molecule, this 
selection seems dubious; however, this is not the case.  The simulation methodology used 
in the previous simulation based studies (and also used herein) promotes binding even in 
cases where ∆𝐸0 = 0.  This is because prior work (and work here) utilizes a confining force 
field to keep molecules sufficiently close to binding sites during the simulations; this, in 
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combination with the nature of the Bell model and the number of binding sites per molecule 
ensures that the condition for binding will be periodically met with sufficient frequency.  
To suppress this completely, artificially large energy barriers are needed.  While this 
highlights a limitation of the model, prior authors were still able to examine relative 
binding levels and demonstrate interesting trends that correlated well with experimental 
observations.  Despite the simplicity of coarse-grain molecular models and the Bell binding 
model, Refs. (31) and (78) provided useful insight to shear-induced binding mechanisms 
of VWF. 
Nonetheless, existing experimental observations lend evidence that VWF-collagen 
binding is stronger than ∆𝐸0 > −2 𝑘𝑇 previously explored.  For example, using surface 
plasmon based chemical techniques, binding between VWF and collagen was probed 
experimentally. (64, 65) It was initially found from obtained dissociation reaction rate 
constants that ∆𝐸0~ − 20 𝑘𝑇; in their later work, higher dissociation rate constants were 
obtained such that ∆𝐸0~− 13 𝑘𝑇.  Authors ascribed the larger values to the presence of 
multivalent VWF in the earlier samples and were thus likely overestimates for the single 
binding site ∆𝐸0. (65) While more work needs to be done exploring this energy landscape 
experimentally, the possibility of a stronger chemical affinity must be considered.  It is also 
useful to consider what must be present in a coarse-grain molecular binding model to more 
significantly suppress binding at low shear; that is, if a molecule is considered bound once 
a single binding site has been established, then what is needed in models such as those 
presented in Refs. (31) and (78) to significantly suppress binding at low shear?  
The VWF model employed here has been previously advanced in Chapter 2; it 
attempts to more realistically describe molecular architecture inherent in the protein by 
 53 
modeling VWF monomers as a highly flexible A2 domain with relatively rigid domains on 
either side of A2. (46) In this chapter, we extend our previous research by studying 
adhesion of VWF multimers described by our model to a model collagen-coated surface. 
Collagen represents the majority of the total protein of the vessel wall and has been 
demonstrated to play a key role in binding with VWF. (64, 79, 80) Normally located under 
vascular endothelial cells, collagen binding sites are not exposed to blood flow. However, 
after injury, blood will flow over subendothelial structures including connective tissue that 
contains a high percentage of collagen. Then VWF multimers are able to bind to exposed 
collagen (and flowing platelets).  
 
2. Numerical Model Details 
2.1. Model description 
A binding site to collagen in VWF monomers is located in the A3 domain. As such, 
in the model here, binding sites on model collagen surfaces can only interact with one bead 
(shaded in Fig. 2 B) of each VWF monomer. A3 domain and collagen interactions are 
represented by reversible ligand-receptor-type bonds based on Bell model kinetics. (31, 
81–83) Surface corrugation is not considered in this study and bonds are modeled both in 
a no-slip limit, based on the findings in Ref (31).  
Collagen binding sites are placed uniformly on the surface as shown in Fig. 13 as 
blue quadrilaterals with size neglected. Once a bead is within the reaction radius ?̃?, a Bell 
model will be adopted to determine if a bond is performed. The equilibrium length of the 
bond (if established) between model A3 domains and collagen binding site ?̇? is applied to 
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describe the separation distance between A3 domain and collagen binding sites. Similar to 
Sing et al (31), a lower boundary is 3𝑎, 5.57 dimensionless units, below the collagen 
binding sites, and holds a position at zero height (𝑧 = 0). The lower boundary constrains 
the polymer to the area above  𝑧 > 0 by applying a potential when beads have a lower 
height than the collagen binding sites. The wall potential is chosen so that to be zero at 𝑧 =
3𝑎. 
 
 
Figure 13 Schematic diagram of collagen binding sites distribution and reaction radius 
 
In the prior work where the current authors presented the coarse-grain molecular 
model used here, data were presented for fluctuations of the model A2 domain length (i.e. 
the FENE spring length) as a function of time and at varying 𝑊𝑖. (46) Similar to what was 
observed for the overall molecular conformation, the average model A2 domain length and 
the fluctuation amplitude increased with increasing 𝑊𝑖 , above some transition range.  
Thus, an additional criterion for binding was introduced for each eligible bead on a VWF 
chain:  for a given bead to be able to bind to an open collagen binding site, in addition to 
the requirement that the bead be sufficiently close to the collagen binding site, it was 
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required that the model A2 domain (FENE spring) closest to the given bead be sufficiently 
elongated from the equilibrium extension of the FENE spring at zero flow conditions in 
bulk fluid.  The justification/implications of this local, conformationally dependent 
condition are discussed below; the schematic in Fig. 14 illustrates this criterion.  In both 
panels of Fig. 3, the bead is depicted to be sufficiently close to the binding site; in the panel 
on the left, the adjacent FENE spring is not sufficiently elongated so no random number is 
selected (i.e. according to the Bell model procedure) and the simulation proceeds. Thus, in 
the modified model, there exist three criteria for binding:  a proximity requirement that the 
bead be within a reaction radius of an unbound collagen site, a length requirement that the 
A2 domain closest to the binding bead must be sufficiently elongated, and an energetic 
requirement that a randomly selected number between zero and one satisfy the conditions 
for binding as predicted by the Bell model.  For unbinding, the length criterion is not 
applied and the proximity requirement is not meaningful.  The order of tests for the criteria 
for binding were as presented (first proximity, then domain elongation, then energetic); 
this assumes a mechanism where the reaction cannot be sampled by a molecular entity until 
it adopts a certain conformational feature.  Note that, at equilibrium, FENE springs in the 
model show finite extension; though it is small compared to the overall extensible length 
of the springs, it is reflective of the simplicity of representing the A2 domain with a FENE 
spring.  A criterion for binding dependent upon model A2 domain extension can be 
normalized to either a percentage of the maximum extensible length or a percentage of the 
equilibrium length; here the latter is chosen and extension criteria between 20% and 30% 
were explored.  If the former definition is used, these values would instead be between 
1.8% and 2.7%. 
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Figure 14 Schematic diagram of length criteria of A3 domain collagen binding 
 
Figure 15 explains the details of binding check process. It is first required that the 
separation distance between an eligible bead (shaded) and collagen site satisfy the typical 
binding proximity requirement ?̃?  (criterion 1 in the right panel). Next, the model A2 
domain (i.e. FENE spring) adjacent to the binding bead must be sufficiently elongated (i.e. 
that the spring length be greater than some parameter 𝑑). In the left schematic of criterion 
2, the system is permitted to move to the next step; in the right schematic of criterion 2, the 
A2 domain elongation requirement is not met so binding is not allowed. Lastly, energy 
criterion is tested for binding to an eligible collagen site. In the text, the parameter ?̃? is the 
reaction radius, 𝑑 is expressed as a percentage elongation vary from 20% to 29%, relative 
to the equilibrium FENE elongation 𝑑0 in our model. Ξ is a randomly generated number 
between 0 and 1.  
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Figure 15 Schematic representation of the binding criteria. In the left panel, the flow chart explains 
how the binding check processed. Details of each criterion is listed in the right panel.  
 
A top boundary which is a soft repulsive wall is used to constrain the polymer chain 
within a relevant volume. The top boundary is initialized at 10 reduced units above the 
highest bead, maintains the position for one longest relaxation time, and then gently move 
down. It reaches the final position at 15 reduced units above the lower boundary within 
four longest relaxation time. 
Note that, besides the model described above, attempts have also been made with a 
different wall model. Unlike the current lower/upper boundaries, we applied only lower 
boundary with strong attraction to the polymer. Due to the attractive force applied, the 
polymers approached the binding sites near the boundary rapidly. However, such 
interaction had a huge effect on the conformation of the polymer, forcing the polymer near 
the surface, and restricting the movement in 𝑧  direction. Hydrodynamic lift force was 
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limited even with large 𝑊𝑖. This model was found to be unsuitable for this study, thus we 
decided to adopt the lower/upper boundaries model.   
 
2.2. Parameterization of von Willebrand Factor – Collagen adhesion 
Where possible, model parameters were fit to reproduce experimentally observed 
data. The spring constant and the maximum extended length for the FENE spring were 
previously parameterized based on A2 domain force-extension experimental data. (37, 46) 
Reaction radius in the Bell model was ?̃? = 18.85 𝑛𝑚 and the equilibrium length of the 
bond between model A3 domains and collagen binding sites ?̇? = 10 𝑛𝑚; the latter value 
was coarsely estimated from observations made in single molecule force-extension 
experiments.  Prior authors have cautioned about introducing impulse forces when a 
reaction occurs between a binding bead and a surface collagen binding site that are 
separated by a distance greater than the equilibrium distance for the harmonic bond; such 
large tensile forces can influence the balance of binding/unbinding rates due to the presence 
of the slip (or catch) bond length parameter in the Bell model. (84) Methods exist to 
suppress such forces but they were not utilized here.  As discussed above, focus here is on 
exploring the use of the conformation of a feature unique to our monomer model (i.e. the 
FENE spring as a model A2 domain) as a mechanism for abetting shear-induced binding 
between VWF and surface collagen sites.  Focus is thus on no-slip bond conditions with 
only a small exploration of the influence of a slip-bond.  For the slip-bond simulations 
performed, there was indeed an influence on unbinding rate observed when reaction 
sampling was performed every time step.  When reaction sampling was performed every 
10 or 100 time steps - for the small range of parameters explored here - impulse forces did 
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not influence this study’s conclusions.  Nonetheless future investigations of broader 
parameter ranges will consider this influence more closely. For calculations presented here, 
the distance between collagen binding sites uniformly distributed in a square grid on the 
surface was 40 𝑛𝑚.   
 
2.3. Hydrodynamic interaction tensor near surface 
As discussed in Chapter 2, the diffusivity tensor 𝐃 is a fourth order tensor has 
a dimension of 𝑁×𝑁. Each component of 𝐃 is a second order tensor by itself and has 
3×3 components. The non-dimensional form of 𝐃𝑖𝑗 is given by 
𝐃𝑖𝑗 = 𝛿𝑖𝑗𝐈 + 𝛀𝑖𝑗.                                                  (27) 
When considering the boundary effect, Hoda et al (35) expressed 𝛀𝑖𝑗 as 
𝛀𝑖𝑗 = (1 − 𝛿𝑖𝑗)𝛀
RPY + 𝛀W                                        (28) 
where 𝛀W is a correction term that associates with the no-slip condition at the surface. 
𝛀W(𝐫𝑖, 𝐫𝑗 + 𝐚) relates velocity perturbation at position 𝐫𝑖 to a point force at position 
𝐫𝑗 + 𝐚, which can be obtained by a Taylor series around  𝐚 = 0, where 𝐚 is a radius 
vector connecting the center and a surface point of the bead. Thus, the HI between two 
beads can be obtained by Taylor expand 𝛀W(𝐫𝑖 + 𝐚, 𝐫𝑗 + 𝐚) around  𝐚 = 0. First three 
terms in the expansion leads to  
𝛀W(𝐫𝑖, 𝐫𝑗 + 𝐚) = 𝛀𝑃𝐹
𝑊 (𝐫𝑖, 𝐫𝑗) +
2
3
𝑎2𝛀𝐶
𝑊(𝐫𝑖, 𝐫𝑗)                            (29) 
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where 𝛀𝑃𝐹
𝑊  is a point force and 𝛀𝐶
𝑊 accounts for the finite bead size. Blake et al (85) 
derived the 𝛀W by using the method of images. The boundary HI effect between two 
beads is treated by a directly interaction between one bead and the image of the other 
bead, 
𝛀𝑃𝐹
𝑊 (𝐫𝑖, 𝐫𝑗) =
3𝑎
4
(−𝐒(𝐫𝑖 − 𝐫𝑗
𝐼𝑚)) + 2𝑧0
2𝐏𝐷(𝐫𝑖 − 𝐫𝑗
𝐼𝑚) − 2𝑧0𝐒
𝐷(𝐫𝑖 − 𝐫𝑗
𝐼𝑚)      (30) 
where 𝐫𝑗
𝐼𝑚 is the location of the image of bead 𝑗, 𝑧0 is the perpendicular distance of the 
bead 𝑖 from the wall, 𝐒 is the free space Stokeslet, 𝐏𝐷 is the potential dipole and 𝐒𝐷 is 
the Stokeslet doublet. The tensor 𝛀𝐶
𝑊 is given by  
𝛀𝐶
𝑊 =
1
2
(𝛀𝑃𝐷
𝑊 (𝐫𝑖, 𝐫𝑗) + 𝛀𝑃𝐷
𝑊 (𝐫𝑗, 𝐫𝑖)
𝑇
)                                    (31) 
where 𝛀𝑃𝐷
𝑊  is a correction to the free space mobility tensor for a potential dipole to 
account for the no-slip condition at the surface. 
 
3. Results and Discussion 
3.1. von Willebrand Factor – Collagen binding under flow  
In Fig. 15, results are presented for ensemble averaged binding probability versus 
Weissenberg number 𝑊𝑖; as the product of a natural molecular relaxation time (here, the 
elongational relaxation time) and the shear rate in the simulation, 𝑊𝑖 is a dimensionless 
quantity effectively comparing the time scale of flow to the time scale for molecular 
response.  It has been advanced previously with this model, as well as others, that a globule 
to elongated transition is observed for model VWF molecules above approximately 𝑊𝑖 =
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1. (46) This is in agreement with experiments, which have revealed a transition with shear 
flow for VWF from a globule to elongated conformation and estimates give that this occurs 
in the order of 𝑊𝑖 = 1 . Because binding of VWF to collagen is believed to be 
conformationally dependent, it is expected (and was observed in Ref. (32)) that binding 
only became pronounced after shear rate exceeded a value corresponding to the 
globule/elongated transition.  Thus, a model that reproduces this behavior should show low 
binding probability at low shear rate; furthermore, probability should increase with rate 
above some transition value or range of 𝑊𝑖.  Note here that a molecule is considered bound 
to the surface so long as a single site on the molecule is currently bound to a collagen site.  
This definition is reasonable from a molecular motion point of view:  in cases presented 
here, bound molecules essentially halted their motion with flow in 𝑥; that is, they became 
essentially anchored to the surface.  This will be discussed further below. 
 
Figure 16  Binding probability for VWF molecules (10 monomers; 20 beads) as a function of 
Weissenberg number 𝑾𝒊.  Data are presented for ∆𝑬𝟎  =  𝟎 (triangles), ∆𝑬𝟎  =  −𝟏. 𝟓 𝒌𝑻 (circles), 
and ∆𝑬𝟎  =  −𝟑 𝒌𝑻 (diamonds).  The inset shows (for the same values of ∆𝑬𝟎) the ensemble average 
number of bonds between any molecule that is considered bound and the model collagen coated 
surface (at each timestep, a molecule is considered bound if at least one bond with the surface exists). 
 
 62 
Results in Fig. 15 are for varying ∆𝐸0  and it can be seen that, for all cases 
considered, the model disagrees with experiment.  For ∆𝐸0 < 0, essentially every molecule 
is bound to collagen at all times; even for ∆𝐸0 = 0, only a slight reduction in binding 
probability is observed.  It was mentioned previously that results showed essentially no 
dependence on whether reaction sampling in the Bell model was done every 10 versus 100 
steps.  One notable difference was observed, but only for ∆𝐸0 = 0: sampling every 100 
steps showed a reduction in binding probability with Wi (from nearly 100% at zero flow 
to ~60% at 𝑊𝑖 =  10).  Given the well accepted result that hydrodynamic forces generate 
lift away from stationary surfaces, it is satisfying to see higher shear rate reduce binding 
probability and this could be an argument for sampling reactions less frequently (i.e. once 
every 100 steps).  However, primary interest here is on cases where ∆𝐸0 < 0 and, in those 
instances, no differences were observed between sampling once every 10 versus 100 steps.  
Thus, for figures here, data from simulations using a reaction sampling rate of one in every 
10 steps are presented. 
The inset to Fig. 15 shows the ensemble average of number of bonds between VWF 
molecules and the model collagen coated surface; there greater dependence on ∆𝐸0  is 
observed.  Nonetheless, even for ∆𝐸0 =  0 , every molecule in the ensemble has, on 
average, 20% of its available binding sites actually bound to collagen.  For ∆𝐸0 < 0, this 
number is of order double, near 40%.  For ∆𝐸0 = −3 𝑘𝑇 , a small (but statistically 
significant) increase in number of binding sites is observed with increasing shear rate but 
this is subtle.  This pronounced tendency for binding in the model used here (and in other 
related models) was discussed in the Introduction; because molecules are constrained to a 
simulation space near the binding sites, the nature of the Bell model (along with the energy 
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barriers, binding site density, and number of binding sites per molecule) ensures that a 
finite number of bonds will exist essentially at all times.  This is why, in Refs. (31) and 
(78), binding probability was presented as an ensemble average of the number of molecules 
with more than 20% of their binding sites actually bound.  However, as presented here, if 
a more absolute definition of bound is used, molecules are bound at essentially all time, 
particularly for ∆𝐸0 <  0.  Obviously, if a significantly larger ∆𝐸𝐵 is used, binding can be 
eliminated; however, observed reactivity of the VWF A3 domain with collagen does not 
warrant the use of such a high ∆𝐸𝐵. 
 
3.2. Length threshold of A2 domain in collagen binding simulation 
        In Fig. 16, binding probability versus 𝑊𝑖  is again presented for varying ∆𝐸0 ; 
however, an elongation criterion of 23% was used for all simulations (again, this is 23% of 
the equilibrium extension of the FENE spring local, or adjacent to, a given binding bead).  
For ∆𝐸0 = 0, binding is nearly eliminated completely at low shear flow (a small increase 
in binding is observed at the highest Wi explored).  From this point in the discussion 
forward, we focus on situations where ∆𝐸0 < 0, with special attention on ∆𝐸0 = −3 𝑘𝑇 
since this is a binding energy for which prior authors predicted high affinity for binding 
even at low flow.  We observed the same, of course, in the absence of any criterion on 
model A2 domain length.  For cases where ∆𝐸0 < 0 and extension criterion was 23%, 
binding at low flow is greatly reduced:  for ∆𝐸0 = −1.5 𝑘𝑇, it is about 2% and, for ∆𝐸0 =
−3 𝑘𝑇 it is just below 5%.  Because a log scale is used, data for zero flow are not shown; 
however, they were - in all cases - a small percentage lower than values obtained for 𝑊𝑖 =
 0.1.  The inset again shows the average number of bonds for bound molecules and it can 
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be seen that, in all cases except for 𝑊𝑖 >  2, only a single bond exists.  This provides some 
indirect evidence to behavior observed in the simulation trajectories:  at low flow, 
molecules were - on average - mostly not bound and flowing in 𝑥.  When a molecule 
became bound, it was through a single connection that was subsequently broken to permit 
the chain to continue to move with the flow.  A notable observation in Fig. 16, for cases 
where ∆𝐸0 < 0, is a non-linear increase in binding for 𝑊𝑖 >  5 (∆𝐸0 = −1.5 𝑘𝑇) or for 
𝑊𝑖 >  2 (∆𝐸0 = −3 𝑘𝑇).  For ∆𝐸0 = −3 𝑘𝑇, at the highest shear rate explored, binding 
probability is over 20% and the number of binding sites begins to exhibit increasing 
behavior.  For ∆𝐸0 =  −1.5 𝑘𝑇, the magnitude of probability is less but the increase with 
shear rate is nonetheless notable.   
 
Figure 17 Binding probability versus 𝑾𝒊 using the same symbol designation as in Fig. 2; for all cases 
of ∆𝑬𝟎 illustrated, the A2 domain elongation criterion was set to 23%.  The inset shows number of 
bonds per bound molecule as a function of 𝑾𝒊. 
 
Data in Fig. 17 bear out that, for ∆𝐸0 = −3 𝑘𝑇, binding probability increases by a 
factor of between four and five from low shear rate to high; furthermore, the dependence 
of probability on shear rate below a transition region is much less pronounced than after 
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the transition.  Given this satisfying agreement with experimental observations, further 
investigations only use ∆𝐸0 = −3 𝑘𝑇.  For that case, Fig. 17 shows the effect of varying 
the length criterion between approximately 20% and 30%.  The qualitative behavior 
described in Fig. 4 for ∆𝐸0 = −3 𝑘𝑇 persists for all length criteria shown in Fig. 17.  For 
the two highest length criteria explored (26% and 29%), binding at low flow is essentially 
the same (~2% probability for binding).  For both of those elongation criteria, binding 
probability again appears to transition to a greater dependence on shear rate for 𝑊𝑖 >  2.  
Lastly for both those cases, the maximum observed binding probability is of order five to 
seven times what was observed at zero flow.  For all length criteria explored, a notable 
correlation was observed between length criterion and maximum difference in binding 
probability (i.e. between low and high shear rate).  Also for all length criteria, the average 
number of binding sites increases but, in all cases, this average remains below 2.  
 
Figure 18 Binding probability versus 𝑾𝒊; for all data shown, ∆𝑬𝟎  =  −𝟑 𝒌𝑻. The influence of 
varying the A2 domain elongation criterion is examined; data are for elongation criteria 20% 
(circles), 23% (squares), 26% (triangles), and 29% (diamonds).  The inset shows number of bonds 
per bound molecule as a function of Wi. 
 
 66 
Perhaps not surprisingly, given the known behavior about the model A2 domain 
length with varying shear rate, the length criterion explored very effectively rectifies model 
predictions with experimental observations.  At low flow, using the absolute definition that 
a single binding site is sufficient to label a molecule bound, this criterion significantly 
eliminates binding, despite molecules being constrained in 𝑧 (i.e. near the binding sites) by 
the bounding force fields.  Because the model A2 domain length exhibits a behavior 
analogous to what is exhibited by the entire molecule (i.e. a transition from globule, or 
unelongated, to elongated above a certain threshold range in shear rate), the length criterion 
for binding suppresses binding only before such a transition manifests.  Thus, above this 
transition, binding probability starts to increase significantly with shear rate. 
In a recent collection of papers, binding between the A1 domain in VWF and 
platelets in blood was explored experimentally; authors of those works presented very 
strong evidence supporting a mechanism for reaction where the A1 domain could only bind 
with a platelet if the adjacent A2 domain was sufficiently elongated. (same citations as in 
Intro) Though we are aware of no such similar study of reactivity between the A3 domain 
and collagen - more specifically, how reactivity relates to conformation of the adjacent A2 
domain - this is essentially what our model modification represents.  It is important to 
suggest any corresponding mechanism with great caution; the molecular model employed 
here is highly simplified, particularly when it comes to specific chemical activity of various 
domains.  Nonetheless, results here suggest that it would be reasonable for such a 
mechanism to be revealed; furthermore, such a mechanism can explain shear-induced 
binding even for cases where binding energy ∆𝐸0 is significantly below zero (i.e. highly 
energetically favorable). 
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In the works exploring interactions between A1 domains and blood platelets (same 
as in Intro), it was pointed out that, though elongation of the A2 domain was required for 
reaction between the two, it was equally important that the A2 domain be not too greatly 
elongated.  Related to this, herein, only a relatively small range in the length criterion was 
explored; this range was partly selected based on that same notion of constraining the 
model A2 domain total elongation in conditions explored.  The reason behind this is that 
another role of VWF in the blood is that, once blood clotting has initiated, the species 
ADAMTS13 interacts with A2 domains to drive polymer scission at the A2 site.  This is a 
way that VWF essentially turns off its activity after its initial job is complete.  This is also 
how the size range of VWF in the blood is maintained in a proper functioning range:  
though they are typically secreted at much longer lengths than are considered functional, 
such long VWF molecules undergo A2 domain elongation transitions even in healthy blood 
flow conditions.  This permits interaction with ADAMTS13 and concomitant scission of 
the VWF molecule to smaller functional fragments.  Nonetheless, it may be relevant to 
consider a wider range of elongation criteria, particularly when other simulation parameters 
are varied, such as chain length. 
Future work will consider varying chain length; however, it is not immediately 
obvious that changing that parameter will undo the primary conclusion here that a length 
criterion is successful at rectifying model predictions with experimental observations.  It is 
necessary to understand if and how model parameters depend upon chain length (i.e. to 
achieve similar agreement with experiment); thus, parameter optimization remains an 
important future exercise.  However, it was observed previously that the general behavior 
that, for shear rates below of order 𝑊𝑖 =  2, model A2 domain length remains relatively 
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constrained near the equilibrium value and increases for higher flow.  This bodes well that 
our model can be successfully applied to longer chain length.  However, it should 
nonetheless be a subject of future study.  For example, no dependence could be detected 
for preferential location of binding along the relatively short molecules explored here.  For 
longer multimers, however, it has been asserted by prior studies that forces acting on sub-
monomer structures, like the A2 domain, arising from hydrodynamics will increase with 
molecular length.  Furthermore, the force exerted on a given sub-monomer structure also 
depends on where along the chain the monomer is located (with greater forces on more 
central monomers).  Thus, longer chain length studies using the length criterion presented 
here should examine if preference manifests in where along a chain binding occurs.  This 
could have non-trivial influence on the molecular conformation of bound molecules.   
 
3.3. Slip – Bond of von Willebrand Factor- Collagen Binding  
    All results presented were for a no-slip bond condition (i.e. external force on a 
VWF-collagen bond has no influence on the unbinding energy ∆𝐸𝑈𝐵. Authors of Ref. (31) 
found that shear-induced adhesion only occurs in a no-slip bond limit.  Here, for the only 
value of slip bond length parameter explored, none of the primary conclusions were 
changed.  Generally, of course, a positive slip-bond length parameter in the model softens 
the unbinding energy barrier, thereby promoting the unbound state.  Accordingly, for all 
cases explored with a finite length parameter in the Bell model, binding probabilities were 
reduced.  In the absence of a length criterion for binding, however, the effect was 
negligible.  For cases where length criteria for binding were used and binding probabilities 
were significantly less than one, slip bonds resulted in somewhat decreased binding 
probabilities.  However, decreases were relatively consistent across results so the increase 
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in binding probability with increasing shear rate for ∆𝐸0 < 0 cases was again observed.  
This feature of the model remains important and should perhaps garner greater attention in 
the future; however, relative to the operation of the length criterion that is the main focus 
here, it is of secondary nature. 
 
 
4. Conclusion 
        A recently advanced coarse grain model for VWF multimers that includes a sub-
monomer degree of freedom to represent an unfoldable domain in the monomer was used 
to study interaction of VWF with model collagen coated surfaces. A3 domain and collagen 
reactions were represented by reversible bonds based on Bell model kinetics. Here, a 
molecule is considered bound if any binding sites on the molecule are bonded to a collagen 
site (rather than a threshold percentage of sites as has been used in prior similar modeling 
studies).  For the range of binding energy explored, Brownian dynamics simulations 
including hydrodynamic interactions showed nearly 100% binding probability with very 
little dependence on flow condition; this behavior is contrary to experimental observations 
for VWF.  By introducing an additional criterion for binding that required the A2 domain 
(i.e. the FENE spring) adjacent to a binding bead to be sufficiently elongated for that bead 
to bind with a candidate collagen site, discrepancies with experiment were significantly 
reduced; that is, the model exhibits shear-induced binding in reasonable parameter ranges.  
A notable feature of this study is that a rectification for discrepancy with experiment was 
sought that exhibits shear-induced binding for situations in which the binding energy, or 
chemical strength, of the VWF-collagen bond is relatively large.  The length criterion 
presented demonstrates such a property.  The model A2 domain (i.e. the FENE spring) is 
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unique to our VWF monomer model; it is possible that a similar method could be used for 
models comprised of strictly harmonic bonds.  It remains an important future investigation 
to understand the sensitivity of the presented method’s success to the non-linear nature of 
the FENE spring force-extension behavior.  All such studies using Bell model reaction 
methods will benefit tremendously from experiments exploring the energy landscape of 
VWF-collagen reactions.  Our model predicts a conformational dependence in the 
mechanism for A3-collagen binding; probing this will require more detailed 
experimentation on VWF multimers that allows simultaneous evaluation of the reactivity 
with varying A2 elongation.   
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CHAPTER 5 Single-molecule Force Spectroscopy Experiment  
1. Introduction 
Mutations of VWF will cause VWD. Three main types of VWD have been found 
based on the clinical observation: Type 1 VWD, Type 2 VWD, and Type 3 VWD. Each of 
these three types has various subtypes. (2, 11, 12) Type 1 VWD is the most common form, 
representing about 75% of all cases. Type 1 VWD is usually caused by heterozygosity for 
the defective gene. In this type, the VWF works correctly, but the production is decreased. 
Next common type is Type 2 VWD, accounting for about 20% of all cases. In this type, 
the VWF is qualitatively defective which leads to abnormal platelet binding and 
multimerization. Amount all sub types of Type 2 VWD, Type 2A, decreased in platelet 
binding, represents about 15% of all VWD cases. Research shows that patients with Type 
2A VWD have overly short VWF concatemers, and some type 2A mutations may cause 
abnormally force-dependent folding and unfolding. (2, 8, 86, 87) As mentioned in early 
chapters, A2 domain of VWF can be unfolded by elongational force, cleaved by 
ADAMTS13 and, by doing so, the size distribution of VWF reaches homeostasis. (8, 88) 
Mutations in A2 may lead to less unfolding time or prolong refolding time. In other words, 
these A2 mutants might stay unfolded or partially unfolded most of the time, making them 
easy to be recognized and cleaved by ADAMTS13. In this chapter, a Type 2A mutant, 
Mutant Q1541R, will be experimental studied. Mutant Q1541R is found in patients with 
Type 2A VWD, and the understanding of this mutant will help to understand the 
mechanism of defective A2 domain unfolding.   
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2. Experiment Setups  
1.1. Platform – Miniature Optical Tweezers 
The high gradient in the electric field occurring neat the waist of a tightly focused 
laser beam is associated with strong forces that can capture polarizable dielectric particles 
in three dimensions. (26, 89) The devices based on this effect enables optically trapping of 
small particles are better known as "optical traps" or "optical tweezers". Optical tweezers 
are widely used in biomaterials studies. (26, 89) The colloidal particles, picked by and 
moved around by a laser beam that refracted by a microscopic object, are usually attached 
to cells or single biomolecules. (90) 
 
 
 
Figure 19 Optical tweezers. 
 
The force exerted on the particles can be investigated by trapping the particles 
optically and moving the laser focus. From the perspective of biological application, optical 
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traps can achieve forces in sub-piconewton (10-12) accuracy. The miniature optical 
tweezers shown in Fig. 19 directly measures force without complicated calibration steps or 
calculating force based on spring constants and displacements. Furthermore, better 
isolation from surrounding noises can be achieved because of its relatively small size, 
which gives the best reduction of the optical path length. By hanging up and isolating any 
possible variation or noise from operation desk, miniature optical tweezers can minimize 
the interference from surrounding and operator. However, the manipulation of the trapped 
particle can conduct force no larger than 100 piconewton (pN), which is not suitable for 
some single molecular experiments that require higher loading. AFM will be adopted for 
the cases require larger force loading but less accuracy. Fig. 20 shows the Fluidic setup of 
miniature optical tweezers. 
 
Figure 20 Fluidic setup of miniature optical tweezers. (Reprinted from 
http://tweezerslab.unipr.it/cgi-bin/mt/home.pl) 
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1.2. Materials and setup the pulling assay 
Carboxyl-polystyrene 2.0 μm beads (10 mg, Spherotech, Lake Forest, IL) have 
been used in all the optical-tweezers experiments. Two gelatin free VWF antibodies are 
used in this chapter. Both of them are bought from Santa Cruz Biotechnology, Inc: the 
D’D3 monoclonal antibody (3E2D10) binds between amino acids 845 and 949 of the 
mature VWF and the C-terminus antibody (C-12) binds between amino acids 2779 and 
2813 near the C-terminus of VWF. The antibodies are then treated with the Pierce™ Fab 
Preparation Kit (Thermo Scientific 44985) to generate the fragment antigen binding (Fab 
fragment) to strengthen the specification of the selected binding sites. 
In this chapter, miniature optical tweezer is used to perform single molecular 
experiments on VWF mutant Q1541R. Both WT and Q1541R VWF multimer are provided 
by our collaborator Dr. Tom McKinnon from Imperial College London. 
By holding the D’D3 domain and C-terminal of VWF mutant Q1541R multimer 
with SA beads, the A2 domain will unfold which allows observance of the Force vs. 
Extension properties for the mutant.  
 
3. Results and Discussion 
3.1 Unfolding assay on A2 domain of VWF  
The laser trapped bead is moved to generate the approach and retraction curve 
while the other bead is fixed by the micropipette. For each approach, the trapped bead 
was driven to contact the fixed bead for 1 to 5 seconds to allow the A2 domain refolding 
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happens. The contact force is limited to be positive, which eliminates new tether to be 
performed but has neglectable effects on A2 domain refolding. A typical unfolding curve 
for VWF mutant 1541 multimer is shown in Fig 21.  
 
Figure 21 Typical unfolding curve of VWF A2 domain 
 
3.2 Unfolding force vs extension of A2 domain of VWF  
Various pulling speeds have been adopted to cover a wide range of unfolding 
behaviors: 50 nm/s, 100 nm/s, 150 nm/s, 200 nm/s, and 500 nm/s. Unfolding events are 
shown in Fig. 22 with different colors represents different pulling speeds. Most of the 
unfolding happens at 10 to 20 pN with 30 to 70 nm extension.  
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Figure 22 Unfolding events of VWF A2 domain 
 
The unfolding events shown in Fig. 21 are further analyzed by grouping with 
unfolding forces. Fig. 23 shows the distribution of unfolding events. The highest peak 
happens in the group of 10 to 20 pN. 
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Figure 23 Distribution of  VWF A2 domain unfoldings grouped by rapture forces. 
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3.3 Worm-Like Chain fit for A2 domain of VWF  
Wrom-Like Chain model is widely used to describe semi-flexible polymers. It 
follows the equation, 
𝐹𝑃
𝑘𝐵𝑇
=
1
4
(1 −
𝑥
𝐿0
)
−2
−
1
4
+
𝑥
𝐿0
, where 𝐹 is the external force, 𝑥 is the 
extension, 𝑃  is the persistence length, and 𝐿0  is the contour length. In this study, the 
external force 𝐹 and the extension  𝑥 is achieved directly from the results shown in Fig. 23. 
Because the simple used in this study is VWF multimer, other domain-domain interaction 
may also cause a force – extension unfolding. Here, we separate the unfolding events into 
two groups. The red curve in Fig. 24 is associated with VWF A2 domain unfolding. 
Comparing with wide type VWF A2 unfolding, mutant Q1541R exhibits similar A2 
unfolding trend but has larger extensions. In bloodstream, unfolding of mutant Q1541R 
requires less hydrodynamic drag force, which makes it easier to be recognized and then 
cleaved by ADAMTS13. Thus, mutant Q1541R multimer is too short to perform normal 
platelet binding. The black curve fitted from black blocks associates to less extension is 
due to VWF D’D3 – A1 interaction. VWF D’D3 – A1 interaction is recently reported and 
the results here further proved the existence. 
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Figure 24 Worm-like chain fitting for VWF D’D3-A1 interaction and A2 unfolding for mutant 
Q1541R 
 
 
4. Conclusion 
In this chapter, we examined the tensile force and extension associated with A2 
domain of VWF mutant Q1541R multimer, a Type 2A mutation, by applying single 
molecule force spectroscopy experiment. Like other VWD Type 2A, patients with mutant 
Q1541R has normal quantitate of VWF but mutated to be qualitatively defective. Our result 
show a larger extension of A2 domain unfolding of VWF mutant 1541, comparing with 
Wide Type VWD at same level of external force. 
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CHAPTER 6 Internal Dynamics of von Willebrand Factor with 
A2 Domain Unfolding 
1. Introduction 
The A2 domain is capable of significant extension due to hydrodynamic forces 
experienced in circulation and is therefore represented in this model as a FENE 
spring.  This allows for observed mechanical properties of VWF multimers to be more 
accurately modelled and permits for the examination of intra-monomer A2 domain 
unfolding dynamics and subsequent scission by ADAMTS13. VWD Type 2 is a very 
common type and about 20% of VWD patients have this type. In Type 2 VWD, there 
usually is enough VWF but it does not work properly, such as multimerization defective 
and decreased platelet binding. As discussed in early chapters, abnormal mechanism of 
VWF A2 domain unfolding will cause such defects. When A2 domain requires less force 
to unfold, the binding and cleavage sites are exposed more frequently and are more likely 
to stay exposed. Thus, VWF will be cleaved into smaller size distribution than usual, or 
more collagen binding will perform even at low shear rates. On the other hand, if A2 
domain requires larger force to unfold, the binding and cleavage sites are not accessible 
even at high shear rates.  
Previously, this model was used to characterize macromolecular properties such as 
polymer relaxation and conformation. Here in this chapter, we study the existence of 
internal tensile force within a VWF molecule in flow and elucidate how this force induces 
unfolding of the A2 domain.  The unfolding of the A2 domain due to force is the primary 
mechanism for scission and collagen binding, therefore this study aims to quantify the 
 82 
likelihood and location of binding and cleavage sites for VWF multimers in flow.  We 
examine intra-monomer internal forces for this model and compare our findings to the 
reported F ~ N2 relationship.  Further, we analyze the internal distribution of A2 domain 
lengths to identify regions where scission is most probable.  With this knowledge, we may 
better understand the banding phenomena observed in healthy circulatory VWF size 
distributions and have the ability to simulate VWF Type 2A mutant.  
 
2. Simulation Details 
Same Brownian molecular dynamics simulations will be performed. We started 
with an ultra-large VWF multimer (𝑁 = 800) at shear rate = 1000 per second. Simulation 
of such large chains are extremely computational expensive. In order to achieve it, a smaller 
time step is desired. Considering the relaxation time 𝜏~𝑁3/2 in HI condition, the time step 
we used are very from 10−5 for 𝑁 ≤ 60 beads, 10−4 for 𝑁 ≥ 80 beads and 10−4 for 𝑁 ≥
200 beads. Convergence tests of changing time step are performed before data collection. 
Shorter length of multimers (𝑁 < 800) are examined under same flow condition as well. 
Next, normal length of VWF multimer (𝑁 ≤ 200) are studied under high shear flow, 
representing the scenario near the injured surface. As discussed in Chapter 4, elongation of 
molecules exposes more beads on the multimer to interact with collagen binding sites on 
the surface. A2 domain is treated as unfolded when the length of FENE spring associated 
has a length of 8 reduced unit and above. In the model we used, if a FENE spring has a 
length of 8 reduced unit, the tensile force is about 12 𝑝𝑁, which matches the experimental 
observations. (37) By comparing the difference of A2 domain unfolding, we can further 
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prove our model is capably to capture the correct internal dynamics and size distribution 
of VWF multimer. 
 
3. Discussion 
From helix parameters, the VWF molecule contains 3500 monomers and will be 
cleaved by ADAMTS 13 when released into the bloodstream. The presence of shear or 
elongational flow activates the functional conformation of VWF multimers by a transition 
between globular and elongated state. (91) Further cleavage by ADAMTS 13 helps the size 
distribution of VWF reaches homeostasis within 2 hours after released. Usually, the VWF 
molecular contains up to 40 to 200 monomers. (8) It has been reported that tensile force 
due to shear or elongation leads to domain unfolding, especially A2 domain. (37) The 
cleavage sites may not be accessible in equilibrium state or at low shear rates. Defects in 
A2 domain will cause abnormal cleavages and thus lead to different size distribution. In 
this chapter, we study large VWF molecular response to flow by examining both the 
macromolecular unravelling and A2 domain unfolding responses that occur on very 
different length scales but are crucial for physiological understanding of VWF flow 
dynamics. The mechanism associated with cleavage by ADAMTS 13 is studied by 
examining the unfolding properties with different VWF multimer length. 
Additionally, defeated in unfolding of A2 domain near injured surface may cause 
failure of coagulation. Similar to the cleavage sites, the platelets binding sites are shielded 
by other domains and will be open and exposed to platelets at high shear rates. Thus, the 
shear induced activation of A2 domain directly affects the VWF collagen binding. In VWD 
Type 2A, mutated VWF avoids the bond between VWF and platelet. In VWD Type 2B, 
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however, VWF multimers bind to platelets even at normal flow condition, while lacking 
both VWF and platelets near the injured. In this chapter, we try to establish a numerical 
model that is able to simulate different VWF Type 2 mutants under different flow condition. 
Two separate approaches are performed; ultra-large VWF multimer cleaved by ADAMTS 
13 under normal low shear rate flow condition and VWF multimer with homeostasis size 
distribution near wound under high elongational flow. It would be helpful to understand 
internal dynamics of A2 domain with a simple coarse grain model that might relate 
mutations directly to hemostatic dysfunction. 
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CONCLUDING REMARKS AND OUTLOOK 
Von Willebrand Factor (VWF) plays a significant role in coagulation. Decreased 
production or mutation of VWF will cause von Willebrand Disease (VWD). About 1% of 
the world population is suffering VWD. In normal condition, VWF is stored in Weibel-
Palade bodies (WPB) and can be released to bloodstream when injured. After released, 
ultra-long VWF multimers are elongated and then cleaved by ADAMTS13 into smaller 
fragments with mostly 40 to 200 monomers. VWF carries binding sites for both platelets 
and collagen but may be shielded by other structure and only few is exposing to the blood 
flow when in a globular state.  While at high shear flow field, VWF to an elongated state, 
more binding sites will be exposed, which enables coagulation. (9)   
In this dissertation, a new single molecular VWF model has been presented to study 
the mechanism of VWF with flow-induced conformational change and collagen binding 
interaction. It is achieved by modeling VWF monomers as two relatively rigid domains 
(A1 and A3) connecting by an extendable domain (A2). Zhang et al (37) showed A2 
domain of VWF can be completely unfolded with elongational force. Thus, the A2 domain 
of VWF is modeled as finite extendable non-linear elastic (FENE) springs, and the spring 
constant is from curve fitting of the results shown reference (37). Between each monomer, 
a harmonic spring is used to form VWF multimers. 
To apply this VWF model, we firstly performed a simply case by initializing the 
polymer chain to 70% of its maximum length with no flow condition. The results revealed 
the relaxation time with HI and FD by fitting a power law scaling with number of beads. 
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The exponents of 1.56 (HI) and 2.08 (FD) agree well with prediction of Rouse and Zimm 
models. It is shown the length has a profound influence on characteristics of VWF multimer 
under flow. Longer VWF chain has been proven to have more potential to unfold. The 
comparison of results for HI and FD showed that HI effect is critical for modeling flow-
induced conformational changes of VWF multimer, which hinders unfolding of VWF 
multimer. 
The model is further extended by considering collagen-VWF binding behavior.  
Collagen binding sites were distributed on the surface homogenously in a square grid with 
spacing between sites of similar order to spacing between binding sites on model molecules. 
The A3 domain and collagen interactions were represented by reversible ligand-receptor-
type bonds based on Bell model kinetics. The activation energies of unbinding of the Bell 
model were measured experimentally by force spectroscopy and extracted using the 
Dudko-Hummer-Szabo model at room temperature. The activation energies of unbinding 
vary by changing net energy difference from 0 to -3. Brownian dynamics simulations with 
HI cases show VWF multimer adhesion to the collagen coated surface suppresses dynamic 
unfolding and refolding. Initially in the model, the results showed a reduction in adhesion 
probability with increasing flow rate for HI.  High adhesion rate regardless flow condition 
is opposite experimental observations for VWF.  To address this, a length threshold was 
introduced such that, for a given binding site on a model molecule to be able to form either 
a no-slip bond or a slip bond with a collagen site, the FENE spring adjacent to it was 
required to be at a length equal to or greater than the threshold.  This simple – albeit 
heuristic – adjustment to our model eliminated the discrepancy with experimentally 
observed adhesion trends.   
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Furthermore, internal dynamics of VWF polymer has been studied by examining 
both the macromolecular unravelling and model A2 domain unfolding responses that occur 
on very different length scales. We performed the simulations under shear flow for the HI 
regime. The internal tensile force distribution along a VWF multimer contour has been 
investigated.   The results of ultra-long VWF multimer (𝑁 = 800) showed more unfolding 
occur than normal size VWF multimer (𝑁 < 400) at low shear rate 1000 per second, which 
has a good agreement to the literature that indicates VWF usually has a length of 40 to 200 
monomer after cleaved by ADAMTS 13. Model A2 domains near two multimer ends are 
the most probable to become unfolded thereby revealing a scissile bond where 
ADAMTS13 may cleave the chain. Radtke et al (91) showed that tensile force of long 
polymers exhibits a characteristic double-peak structure. Although more cases with 
different multimer length are needed, our current results suggested a similar double-peak 
behavior. With the increasing of shear rate and/or decreasing of multimer length, the 
double-peak tensile force profile will convert to a hyperbolic structure that force is 
proportional to the square of length.  At high shear rates, the greatest internal tensile force 
is located at the multimer center. The probability of domain unfolding monotonically 
increases for multimers of sufficient length. We further illustrated the distributions of 
internal tensile force for multimers of varying length in the FD regime for the ensemble 
and only elongated conformations. The results proved that the internal force in multimers 
scales with the length because longer multimers produce more drag force that must be 
balanced internally.   
The model presented in this dissertation has been proved to have good agreement 
with experimental results. However, such coarse grain molecule model is not capable of 
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capturing intra-molecule unfolding: A2 domain unfolding or other domain-domain 
unfolding. To continue with what have been done here, the future work can be focused on  
a new method to mimic the intra-molecule unfolding. Besides the FENE spring in the 
original coarse grain molecule model, another shorter but breakable FENE spring with 
much larger stiffness can be applied. When molecule is in globule state, both FENE springs 
are presenting forces to two adjacent beads. With the increasing of the separation between 
the beads, the short FENE spring is dominating the spring force due to larger stiffness. If 
the separation increases further, after certain length threshold, the short FENE spring 
breaks, and then the model converts to the original coarse grain molecule model with only 
one non-breakable FENE spring. Another possible approach would be applying a Bell 
model between two adjacent beads connecting by FENE spring. Unlike the VWF collagen 
binding model used in this dissertation, additional harmonic spring is performed initially 
and its break is controlled by Bell model. In both methods, the tensile force on A2 domain 
is the combination of two spring forces before unfolding, and only FENE spring force after 
unfolding occurs. Furthermore, two methods may be further merged together, using Bell 
model to control the unfolding and applying FENE spring as the secondary spring before 
unfolding. Slip bond may also be necessary to obtain a better approximation. With the 
presence of slip bond, tensile force associates with unfolding can have a relatively large 
range with most unfolding still occurs around 10 to 15 𝑝𝑁. 
Larson et al (56) presented a similar model with spring-spring repulsion, which 
prevents spring to cross each other. However, instead of a straight spring, the A2 domain 
of VWF is much more complex and can be highly tangled. When A2 domains of VWF 
multimer cross each other, the domains may not break but it is possible that the way they 
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are winding changed. Such details may require a higher model resolution or even a 
complete different model. Although there is no experimental result on the behavior of 
multiple A2 domains tangled together, a possible improvement can be focusing on 
manipulating the unfolding by changing the spring parameters only when a spring-cross 
has been detected.  
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